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ABSTRACT OF THE DISSERTATION
ADVANCED OXIDATION PROCESSES FOR THE REMEDIATION OF
PROBLEMATIC ORGANOPHOSPHORUS COMPOUNDS AND
PERFLUOROALKYL SUBSTANCES
by
A. M. Abdullah
Florida International University, 2020
Miami, Florida
Professor Kevin O’Shea, Major Professor
The presence of persistent organic pollutants, including organophosphorus esters
(OPEs) and perfluoroalkyl substances (PFASs) in drinking water sources, is a serious threat
to the environment and human health. Advanced oxidation processes (AOPs), specifically
TiO2 photocatalysis and sonolysis, were evaluated to degrade these pollutants in water.
The UV/TiO2 photocatalysis can effectively degrade tris (2-chloroethyl) phosphate
(TCEP) to innocuous materials. The degradation follows pseudo-first-order kinetics and
consistent with the Langmuir-Hinshelwood model. Intermediate products identified by 31PNMR show sequential oxidation of alkyl chains, ultimately leading to phosphate.
Scavenger studies indicate hydroxyl radical (•OH) is the primary species responsible for
the degradation.
One of the primary drawbacks of TiO2 photocatalysis is the costly UV required for
TiO2 activation. We, therefore, synthesized doped NFP-TiO2 photocatalysts and
demonstrated visible light activation yields •OH, keys for the photocatalysis of organic

vi

toxins. Prepared TiO2 was characterized by X-ray and spectroscopic techniques, and •OH
generation was quantitated using coumarin trap under UV and visible light.
Ultrasonic irradiation, an AOP, does not require any catalysts to treat organic
pollutants in water. We demonstrated the ultrasonic degradation of TCEP at 640 kHz.
Hydroxyl radical scavengers added into the reaction solution before treatment indicate the
degradation of TCEP proceeds through both pyrolysis and hydroxyl-mediated oxidation.
Ultrasonic treatment of TCEP leads to three primary products, including the diester and
monoester of TCEP confirmed by UHPLC-Orbitrap-MS studies.
Naled, a highly toxic organophosphate pesticide, was sprayed extensively aerially
to exterminate mosquitos harboring the Zika virus. Little is known about the fate and
degradation of Naled. Our results demonstrated that Naled can persist in the environment
significantly upon condition. Ultrasonic irradiation at 640 kHz dramatically enhances the
degradation of Naled, leading to the byproducts, including dimethylphosphate identified
by FT-ICR-MS.
Effective degradation of a variety of emerging PFAS has been demonstrated by
ultrasonic irradiation. A detailed kinetic investigation on the problematic PFAS GenX
revealed that the degradation proceeds primarily by pyrolysis, and hydroxyl radicalmediated degradation is insignificant. UHPLC-Orbitrap-MS was used to identify the PFAS
primary intermediates. We proposed that PFAS partition to the gas-liquid interfacial region
and undergo extensive pyrolysis, leading to the conversion of fluorides.
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INTRODUCTION
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1.1

Global water crisis

The water crisis is among the most serious global challenges. In 2019, UNESCO reported
more than two billion people do not have access to safe drinking water [1]. At least 17
countries are in threat or suffering from extreme stress caused by the lack of clean water
supplies [2]. Nearly 2000 children are dying daily because of waterborne diseases [3]. The
global demand for clean water increases by 1 % annually because of population growth,
economic development, and urbanization [4].
In contrast, the availability and supplies of freshwater resources are shrinking in
response to heavy industrial contamination, residual run-off, and untreated wastewater
[5,6]. In addition to the vast number of inorganic contaminants and harmful algal blooms,
the presence of organic pollutants including pharmaceuticals and hormones, poly- and
perfluoroalkyl substances, benzotriazoles, brominated and emerging flame retardants,
organophosphorus compounds, and personal care products has led to widespread pollution
of global drinking water resources [7]. The growing demands of clean water and the
diminishing supplies of fresh water and pose a serious threat to human health and the
planet. Therefore, the identification of sustainable, safe, and cost-effective water treatment
technologies is very critical to address the urgent need for clean water. My dissertation
focuses on the exploration of fundamental studies on advanced oxidation processes for
identifying, understanding, and assessment of water treatment methods for the
decontamination

of

the

emerging

problematic

organic

pollutants,

including

organophosphate ester (OPE) and poly- and perfluoroalkyl substance (PFAS). In the
following sections, we will specifically discuss a brief introduction and occurrence of
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organophosphate esters and perfluoroalkyl substances in the environment and will also
highlight the background of advanced oxidation processes for their potential remediation
in water.

1.2

Water contamination by organophosphorus compounds
Organophosphorus compounds have been extensively used as a pesticide, chemical

warfare agents, flame retardants, plasticizers in agriculture, industry, and medicine [8,9].
Recently, however, organophosphate esters (OPEs), used as a flame retardant in a wide
range of commercial products including furniture, plastics, automobiles, polyurethane
foam, electronic equipment, and cable have attracted particular attention because of their
widespread presence in the air, water, and sediments [9,10]. The worldwide demand for
the OPE flame retardants is rising; the global annual consumption of flame retardants was
~ 100,000 tons in 1992 and increased by three fold to ~300,000 tons in 2004 [9]. The total
flame-retardant used in Western Europe in 2006 was 465,000 tons, of which 20 % (91,000
tons) came from the organophosphate esters [9]. The OPEs are triesters of phosphoric acid,
whereby the hydrogen atoms of each hydroxy groups are replaced by an aliphatic or organic
substrate. Commonly used chlorinated organophosphate esters are tris (2-chloroethyl)
phosphate (TCEP), tris (1-chloro-2-propyl) phosphate (TCPP), and tris (1,3-dichloro-2propyl) phosphate (TDCPP). Unlike other organophosphorus compounds used as
pesticides and chemical warfare agents, organophosphate esters (OPEs) are less reactive
and resistant to degradation because of the less reactive nature of the phosphorus-oxygen
single bond compared to the phosphorus-fluorine and phosphorus-sulfur bonds associated
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with chemical warfare agents and pesticides [11]. The structural comparison among these
organophosphorus compounds is also presented in Table 1.

Table 1. General structural comparison of different organophosphorus compounds
Organophosphorus
compound

General structure

Specific example

(Y = S; X = OR)

Parathion

(X = F, CN)

Sarin

R = alkyl or
aryl substituent

Tris (2-chloroethyl) phosphate (TCEP)

Pesticide

Chemical warfare
agent

Flame retardant

The OPE compounds are mixed with the host materials as an additive; these can,
therefore, leach out into the environment when host materials break down during the aging
process. The detection of OPEs in different environmental matrices, including air, water,
sediment, and biota from ppt to sub-ppm level is well documented [10,12–15]. One study
showed that a significant amount of the organophosphate flame retardant TDCPP in
polyester garments was extracted by water during washing, suggesting that chlorinated
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phosphate flame retardants are appreciably mobile in the polyester media with probability
to release in water during standard laundry practice [16]. These compounds have a
relatively long persistence in aquatic environments, and the diester-metabolites are also
highly resistive to further hydrolysis [9,17]. Organophosphate esters are bio-accumulative
and toxic because of strong interactions with cholinesterase, an essential enzyme for the
proper functioning of the nervous system [18–20]. Multiple studies reported OPE exposure
in biological systems is connected with a range of disorders from acute to chronic
neurological issues, endocrine disruption, hepatotoxicity, reproductive toxicity, and
development toxicity [9,18,21].

1.3

Water contamination by perfluoroalkyl substances (PFASs)
Perfluoroalkyl substances (PFASs) are a class of anthropogenic chemicals used for

a wide variety of applications such as protective coating of metals, water-proofing of
materials, fire-fighting foams for electrical fires, semiconductor etching, fluoropolymer
synthesis, and other purposes for decades [22,23]. These compounds ultimately are
released into the environment primarily as a result of improper disposal of manufacturing
waste, leaching from landfills, and uses in the military exercise. Table 2 shows a number
of selected legacy and emerging PFASs. Each PFAS molecule has a hydrophilic head and
a lipophilic tail containing extremely strong carbon-fluorine bonds in their carbon-carbon
backbone. All these properties make PFASs incredibly persistent in aquatic environments
and give the ‘forever chemical’ moniker [23,24]. The presence of PFAS in our aquatic
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environment is well documented [25–29]. It is also estimated that more than 98 % of
Americans have PFASs in their bodies [30,31].
Table 2. List of a number of selected legacy and emerging PFASs with chemical structures

PFAS name

Formula

Trifluoroacetic acid

TFA

Perfluorobutanoic acid

PFBA

Perfluoropentanoic acid

PFPA

Perfluorohexanoic acid

PFHxA

Perfluoroheptanoic acid

PFHpA

Perfluorooctanoic acid

PFOA

Perfluorooctanesulfonic acid

PFOS

Perfluoro-5-oxahexanoic acid

PFMeoBA

Perfluoro 2-methyl-3-oxahexanoic
acid

GenX

Octafluoroadipic acid

-

PFAS structure

F3C

F2
C

C
F2

O

F COOH
C
CF3

Unfortunately, exposure of PFAS causes adverse health effects in liver, kidneys,
blood, thyroid, and the immune system [32–35]. Given the potent negative health
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consequence of PFASs, the US-EPA has placed a restriction on the manufacture and
commercial application of perfluorooctanoic acid (PFOA) and perfluorooctanoic sulfonic
acid (PFOS), the two most widely used PFASs in 2002 [7]. However, there are a number
of smaller chain PFASs still in use. DuPont introduced a different class of PFASs called
perfluoroether carboxylic acid (PFECA) that contains carbon-oxygen (C-O) bonds in their
backbone, in addition to the carbon-carbon bond typically associated with the legacy
PFASs [27]. Perfluoro (2-methyl-3-oxahexanoic) acid, known as GenX, is one example of
PFECAs that was introduced in 2009 as a substitute for PFOA [27,36]. Given the ether
functionality and decreasing hydrophobicity, it was forecasted that GenX would be less
persistent than legacy PFASs. Unfortunately, this new generation emerging PFAS GenX
was detected in the Cape Fear river, a drinking water sources of North Carolina [27], and
demonstrated resistance to bio-degradation similar to PFOA. Although there are limited
toxicological studies for GenX on human health, lab experiments on rats revealed that
GenX is also toxic and causes hepatotoxicity [37,38]. There are a number of water
remediation technologies, including granular activated carbon (GAC) based adsorption,
membrane filtration, ion exchange resin, as well as chemical treatments and advanced
oxidation processes. Next, we will focus on the advanced oxidation processes, their
mechanisms and applications for the treatment of organic pollutants in water.

1.4

Advanced oxidation processes (AOPs)
Advanced oxidation processes have been shown to be very effective for the

destruction of a wide range of naturally occurring toxins, pesticides, contaminants of
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emerging concern, and organic pollutants [6,39–42]. These processes employ the hydroxyl
radical (•OH), which is an extremely strong reactive oxygen species with a redox potential
in between +2.8 eV and 1.95 eV depending on the pH [43,44]. The hydroxyl radical is very
non-selective and rapidly reacts with most of the organic compounds with a rate constant
on the order of 108 – 1010 M-1 s-1 and eventually mineralizes them into innocuous species,
ideally CO2, water, and mineral acid, shown in Scheme 1 [42].

Organic pollutants/toxins

AOP (•OH)

H2O + CO2 + HX
(Innocuous products)

Scheme 1 Conversion of organic pollutants/toxins into innocuous materials via advanced
oxidation technologies involving hydroxyl radicals

The hydroxyl radical reacts with most of the organic compounds primarily by the
addition (Equation 1) or hydrogen abstraction reaction pathways (Equation 2) [6,42].
Less common is electron transfer pathway, which may occur with exceedingly electronrich systems (Equation 3). The addition of •OH to the unsaturated π systems is often
diffusion-controlled (~10-9 M-1s-1), while the hydrogen abstraction pathway with a C-H
bond is ~10-8 M-1s-1. Regardless of addition and abstraction by •OH radicals, both pathways
yield carbon-centered free radicals. The resulting carbon-centered free radical readily
reacts with dissolved molecular oxygen to form organoperoxyl radicals. Subsequent free
radical chain oxidation processes can ultimately lead to the mineralization.
H2C=CH2 + •OH → •CH2-CH2(OH)

(1)

CH3OH + •OH → H2O + •CH2OH

(2)
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ER-S + •OH → ER-S•+ + OH- → Oxidized products

(3)

Hydroxyl radicals can be produced by a variety of advanced oxidation processes
including, UV/H2O2, UV/O3, H2O2/O3, Fenton (H2O2/Fe2+), photo-Fenton, nonthermal
plasmas, sonolysis, photocatalysis, radiolysis, and supercritical water oxidation processes.
My dissertation only focuses on the exploration of the TiO2 photocatalysis and sonolysis
for the remediation of OPEs and PFASs in water. The following section will be highlighted
with two specific advanced oxidation processes, specifically TiO2 photocatalysis, and
sonolysis.

1.4.1

Titanium dioxide (TiO2) photocatalysis
Semiconductor photocatalysis, an advanced oxidation technology, can produce

reactive oxygen species (ROS) upon excitation by appropriate energy [45]. Titanium
dioxide (TiO2) is a widely used semiconductor material for photocatalysis studies because
of its high photo-activity, low cost, low toxicity, and excellent thermal and chemical
stability [46–48]. The TiO2 photocatalysis can lead to the transformation of a wide variety
of organic pollutants and toxins into less toxic materials [49]. Since the breakthrough study
reported in 1972 by Fujihima and Honda, TiO2 photocatalysis has been extensively
investigated for the destruction of a large number of hazardous contaminants, such as
pesticides, halocarbons, and aromatic compounds in water [45,50,51]. In 2019,
ScienceDirect published approximately 5,000 articles on TiO2 regarding their
modification, analysis, and on a range of applications, including photocatalysis [52]. The
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overall process of TiO2 photocatalysis induced degradation of organic pollutants is
illustrated in Figure 1.

Figure 1. Mechanisms for the production of reactive oxygen species and the subsequent
oxidations of organic contaminants by TiO2 photocatalysis.

The band gap of TiO2 (anatase) is 3.2 eV; thus, it requires light in the UV range for
excitation [46]. Titanium dioxide absorbs photons of appropriate wavelength (λ < 390 nm)
and generates electron (e-CB)/hole (h+VB) pairs. The electron/hole pairs can recombine or
migrate to the surface of TiO2 and form a number of reactive oxygen species, including
hydroxyl radicals (•OH) and superoxide anions (O2•-) in the presence of water and oxygen
[45,46,53]. Among these ROS, the hydroxyl radical is considered to the primary species
leading to the degradation of organic compounds. While direct oxidation and reduction of
organic molecules by the electron/hole pair can be envisioned, such direct transformation
is generally not competitive in aqueous solution. The TiO2 photocatalytic water treatment
has advantages over a number of AOPs. Activated TiO2* photocatalysis does not require
the continuous supply of other oxidants, such as O3 and H2O2. The cost of the production
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and handling of O3 and H2O2 can be prohibitive. Titanium dioxide is highly stable and can
be reused without significant loss of photocatalytic properties. Therefore, TiO2 can be used
in photocatalysis processes either as a suspension in solution or as a thin film on the
supporting material [54]. The powdered TiO2 can increase the catalytic efficiency because
of the high surface area, in addition to the low costs and easy preparation [46]. The possible
formation of a dark catalytic sludge of powder TiO2 can lead to a decrease in the UV
irradiation efficiency under very specific conditions [45,50]. Even though the high stability
and activity of the catalyst are required when the TiO2 thin film is applied, the elimination
of the removal of the TiO2 particles after the reaction is a great advantage [55].

1.4.2

Ultrasound induced advanced oxidation process (sonolysis)
Ultrasound (US) is a kind of acoustic energy having frequencies higher than the

maximum audible limit of human hearing (> 20 kHz). While US is extensively used in a
variety of industrial applications, including in electronics, navigation, security, medical
imaging, the use of ultrasound in chemical processing or for the remediation of
toxic/persistent compounds in water has seen only limited commercial application. [56,57].
The application of ultrasonic irradiation for water treatment was first reported in 1970 [58]
and has been widely investigated for the decontamination of a wide variety of hazardous
organic pollutants and toxins from water over the past couple of decades [57,59,60]. The
use of US in water treatment has several unique advantages over other commonly used
methods. Granular activated carbon (GAC) based adsorption has limited options for the
remediation of organic pollutants [61–67]. These methods are only effective for a limited
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number of compounds and often are cost-prohibitive because of their regular maintenance
and regeneration [67]. Traditional UV/H2O2 techniques are cost-prohibitive because of the
continuous supply of oxidants. Ultrasonic treatment requires no chemical additives and
effectively works in a turbid, color solution, and sludge [68]. Although energy conversion
from electrical to acoustic is relatively low, proper optimization of energy efficiency or
dynamics of the reaction system can improve its application efficiency [57,69,70].
The chemical effects of ultrasonic irradiation do not come from direct interaction
or absorption of ultrasonic wavelength with the target compounds; the effects derive
principally from a physical process called acoustic cavitation [71]. When an ultrasonic
wave travels through liquids, a phenomenon involving the formation, growth, and violent
collapse of bubbles in water can occur and is known as acoustic cavitation [72]. As sound
waves pass through the liquid, alternating low-pressure rarefaction and high-pressure
compression cycles are propagated. In the rarefaction cycle, there is a formation of
microbubbles from gas nuclei already present the liquid. In the compression cycle, the
volume of gas bubbles dramatically decreases because of increasing pressure in the
surrounding area. Thus, the gas bubble grows and shrinks during the alternation of the
pressure sequence of the ultrasonic wave, and after multiple cycles, bubbles collapse
violently as a result of the pressure differential within and outside of the gas bubble. The
phenomenon of the generation, growth, and the implosion of bubbles in liquid during the
exposure of ultrasound is known as acoustic cavitation. The graphical summary of the
cavitation process is illustrated in Figure 2. The creation of extreme temperatures (around
5000 K) and pressures (nearly 500 atm) because of the violent collapse at cavitational site,
leading to thermal homolysis of water into H• and •OH radicals (Equation 4). The

12

generation of •OH during the ultrasonic treatment is characteristic of advanced oxidation
process [71]. The acoustic cavitation is often broken into three distinct zones (Figure 3), a
sonochemical hot spot (red), a gas-liquid interface (yellow), and bulk liquid (blue). The hot
spot presents an extremely high temperature (> 5000 K) and pressure (> 500 atm) [71,73].
The gas-liquid interface with a high temperature and pressure (> 2000 K and > 200 atm)
satisfies the condition of supercritical water; thus, this region becomes hydrophobic rather
than hydrophilic [59]. The bulk solution remains at near ambient temperature.
Rarefaction

Oscillating sound waves
Compression
Bubble formation

Bubble growth

Bubble collapse

Figure 2. Graphical representation of the acoustic cavitation process.

Interface ( ̴2000 K, 300 atm)
Pyrolysis, •OH

Hot spot
5000 K; 500 atm
Pyrolysis, •OH
Bulk solution
•OH radicals

Figure 3. Graphical illustration of the cavitation bubble collapse.
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The most salient feature of ultrasonic irradiation is that it can work by both direct
pyrolysis and hydroxyl radical-mediated oxidation [59]. Acoustic cavitation leads to
increased chemical reactivity in the solution through the formation of a number of primary
and secondary reactive species (Equations 4 - 7) [57,59]. In addition to the generation of
hydroxyl radicals, US leads to the generation of the secondary reactive species, such as
hydrogen peroxide, from the addition of two hydroxyl radicals following the dissociation
of water vapor within collapsing bubbles. Sonochemical hot-spot and the gas-liquid
interface have a unique reaction environment caused by the formation of hydroxyl radicals
by the pyrolysis of water molecules [71,72]. Volatile compounds can diffuse to the hotspot and be pyrolyzed directly under the extreme temperatures. The •OH formed at the hotspot and gas-liquid can diffuse to the bulk solution and react with the compounds dissolved
in the bulk solution. The hydroxyl radicals at the gas-liquid interface are localized and can
react with the target compound. The pollutants can also undergo thermal processes.
Therefore, the combination of pyrolysis and oxidation of the target makes ultrasoundinduced remediation of the contaminants an attractive water treatment method.
H2O + )))) → H• + HO•

(4)

O2 + )))) → 2O•

(5)

O2 + H• → HO2•

(6)

H2O + O• → 2HO•

(7)

The ultrasound-induced degradation of target pollutants is highly dependent on the
properties of the target compounds, such as the octanol-water partition coefficient, Henry’s
law constant, rate constant with •OH, and diffusivity [74]. The compounds possessing high
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hydrophobicity with low diffusivity, or vice versa, tend to have additional time to partition
the gas-liquid interface. Volatile compounds tend to diffuse to the hot-spot and thus can be
readily pyrolyzed by the extreme temperatures in the region. Ultrasonic irradiation was
proved to be one of the most useful methods to remediate methyl tert-butyl ether (MTBE)
in water, while granular activated carbon adsorption is not effective for the removal of
MTBE [75]. Cyanobacteria blooms, responsible for the production of toxic microcystins,
have become a severe issue in freshwater or coastal areas. However, ultrasonic irradiation
can degrade the structure of microcystins, leading to a decrease in activity and bio-toxicity
of microcystins [76]. Interestingly, ultrasonic irradiation can effectively mineralize the
extremely persistent perfluoroalkyl substances (PFASs) in water [77–79]. Recent studies
show that emerging perfluoroalkyl substances, including GenX and other smaller chain
PFASs, can be converted into fluoride ions by ultrasonic pyrolysis [80].

1.5

Objectives of the dissertation
The research focus of the current dissertation explores the fundamental

understanding of advanced oxidation processes specifically TiO2 photocatalysis and
sonolysis for the remediation of a number of targeted organic pollutants including tris (2chloroethyl) phosphate (TCEP), a model halogenated organophosphate flame retardants;
Naled (1,2-dibromo-2,2-dichloro dimethyl phosphate), an organophosphate insecticide
commonly used for controlling adult mosquitoes; and a number of perfluoroalkyl
substances (PFASs) with the detailed kinetic and mechanistic understanding of GenX
(perfluoro 2-methyl-3-oxahexanoic acid). Another important focus of the dissertation is to
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develop the visible light active titanium oxide by a simple solid-state reduction reaction.
The dissertation also investigated the fundamental insight of the ultrasonic degradation of
TCEP and investigated the hydrolysis of Naled to understand their environmental fate with
the identification of metabolites during the hydrolysis. These studies will provide in-depth
knowledge about TiO2 photocatalysis and ultrasonic irradiation for the remediation of
emerging halogenated organophosphate compounds and highly persistent emerging
perfluoroalkyl substances.
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UV-TIO2 PHOTOCATALYTIC DEGRADATION OF TRIS (2CHLOROETHYL) PHOSPHATE (TCEP)
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2.1

Abstract
The presence of halogenated organophosphate flame retardants in natural water

systems is a widespread concern because of their potential threat to the environment and
human health. The TiO2 photocatalysis at 350 nm leads to rapid degradation of tris (2chloroethyl) phosphate (TCEP). The observed degradation follows pseudo-first-order
kinetics at a specific concentration. The apparent rate constants varied from 0.28 to 0.03
min-1 depending on the initial concentrations over the range of 18 – 270 µM, indicating the
heterogeneous degradation process is likely controlled by mass transfer (adsorption<
- >desorption) at the surface of TiO2. The degradation kinetics also fit the LangmuirHinshelwood model with apparent kinetic parameters of 0.03 µM-1 and 13.1 µM min-1 for
the apparent equilibrium constant (KLH) and the reactivity constant (krxn-LH), respectively.
Studies of 1H- and 31P-NMR indicate sequential oxidation of the alkyl ester chains (alkyl
phosphate), initially leading to the diester product, followed by the formation of the
monoester and ultimately producing phosphate. Under strongly alkaline conditions the
degradation is enhanced, from pH 4 to 9 the degradation is relatively constant, while under
highly acidic conditions the degradation is inhibited. Effective mineralization is achieved
as demonstrated by excellent chloride (98 %) and phosphate (94 %) mass balances, as well
as the loss of total organic carbon (TOC) > 95 %. The addition of an equal molar amount
of the hydroxyl radical scavenger, coumarin, leads to a pronounced reduction in
degradation, indicating hydroxyl radicals mediate the degradation process. These results
demonstrate TiO2 photocatalytic oxidation has promise for the treatment of aqueous
solutions contaminated with organophosphate flame retardants.
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2.2

Introduction
Organophosphorus compounds have been extensively used as pesticides, chemical

warfare agents, flame retardants, and plasticizers [8,9]. Organophosphate esters (OPEs),
used as flame retardants in a wide range of commercial products including furniture,
plastics, automobile, polyurethane foam, and electronic equipment and cable, have
attracted significant attention because of their widespread presence in air, water, and
sediments [9,10]. These compounds are highly toxic and potential carcinogens from lowlevel species to high-level vertebrates [18–21]. The growing concerns over human health
issues and the adverse effects of OPEs on ecosystems lead to their inclusion in the Toxic
Substance Control Act (TSCA) from US-EPA [81]. The OPEs are additives, not chemically
bonded to the host materials, and thus often leach into the surrounding environment [9]. A
number of studies detected OPEs in wastewater, drinking water sources, air, dust, and even
in biological systems [10,12,15,82,83]. Because of their widespread environmental
occurrences and documented harmful impacts on human health, treatment of the OPEs has
become critical to drinking water providers. Conventional water treatment methods,
including activated carbon, membrane filtration, and reverse osmosis, are unable to
effectively remove OPEs, particularly halogenated organophosphate esters [13,84–86].
The phosphorus-oxygen (P-O) bonds present in the OPEs are generally much more stable
to hydrolysis than the phosphorus-sulfur (P-S) and phosphorus-fluorine (P-F) bonds
present in most pesticides and chemical warfare agents [11]. The stability of the P-O
contributes to the relatively long environmental persistence of OPEs.
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The TiO2 photocatalytic degradation of organic compounds has been demonstrated
for the destruction of an extensive number of hazardous contaminants in aqueous systems
[49,87]. Upon absorbtion of photons at appropriate wavelengths (λ < 390 nm) TiO2
generates electron (e-CB)/hole (h+VB) pairs, initiating a series of competing processes
represented below in Equations 8 - 12. The electron/hole pairs can recombine or migrate
to the surface of TiO2 and form reactive oxygen species (ROS) in the presence of water
and oxygen [45,46]. Although a number of ROS are generated during TiO2 photocatalysis
and can lead to the mineralization of the organic compounds, hydroxyl radicals (•OH) are
considered the primary species leading to the degradation of organic compounds [47,88].
In general, •OH reacts with nearly all organic molecules, except per-halogenated or
strongly electron-deficient compounds. The primary reaction pathways of •OH radical
include the abstraction of hydrogen atom and the addition to an unsaturated π system to
yield carbon-centered free radicals. Although less common, electron transfer can also occur
from electron-rich substrates to •OH. The resulting carbon-centered radicals readily react
with dissolved molecular oxygen to form organoperoxyl radicals. Subsequent radical chain
oxidation processes can ultimately lead to mineralization [89].
TiO2 + hv → h+VB + e-CB

(8)

H2O + h+VB → H+ + HO•

(9)

O2 + e-CB → O2•-

(10)

Pollutant + HO• → Pollutantox

(11)

Pollutant + h+VB → Pollutantox

(12)
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A number of reports have appeared on the TiO2 photocatalysis of
organophosphorus compounds [13,90–96]. O’Shea et al. [91] demonstrated rapid TiO2
photocatalysis of dimethyl methylphosphonate (DMMP) and diethyl methylphosphonate
(DEMP). The initial intermediate product resulting from oxidation of alkyl ester chain is a
mono-ester, which is subsequently converted to methyl phosphonic acid (MPA) and,
ultimately, phosphate upon continued irradiation. While a number of reaction mechanisms
can be envisioned for these transformations, detailed radiolysis studies demonstrated that
hydroxyl radical initiated hydrogen abstraction from α-hydrogen on the ester chain is the
primary step in the transformations [97]. There are very few reports on the TiO2
photocatalytic degradation of halogenated organophosphorus flame retardants. In a recent
paper, Antonopoulou et al. [93] reported the TiO2 photocatalytic degradation of tris (1chloro-2-propyl) phosphate (TCPP) over the range of 25-500 µg/L in ultrapure and real
water under simulated solar irradiation. While detailed product studies of the TCPP were
not conducted, the diester of TCPP was proposed as an intermediate in route to
mineralization. The TiO2 photocatalysis of TCEP has yet to be reported; however, Ruan et
al. demonstrated the degradation of TCEP by UV/H2O2 oxidation and proposed its
mineralization into Cl-, PO43-, CO2, and H2O showing the diester as an intermediate [94].
Cristale et al. [13] reported O3/UV/H2O2 treatment leads to slow degradation and
incomplete removal of several halogenated organophosphorus flame retardants from the
water. The UV/H2O2, UV/H2O2/O3, and UV/O3, mediated degradations of an OPE [95,96],
have been reported; however, degradation was dramatically affected by water quality.
While advanced oxidation of halogenated OPEs has the potential to produce low molecular
weight halogenated aldehydes, ketones, and carboxylic acids, analogous to disinfection by-
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products, detailed product, and mechanistic studies have yet to be reported. We report
herein detailed kinetic and product studies for the TiO2 photocatalysis of TCEP as a model
compound of the organophosphate flame retardants.

2.3
2.3.1

Experimental section
Materials
Tris (2-chloroethyl) phosphate (TCEP), 2-chloroethanol, and triphenyl phosphate

(TPhP) were purchased from Aldrich Chemical Company. High purity GC grade
dichloromethane (DCM) was obtained from Fisher Scientific. Sodium chloride, sodium
hydroxide, nitric acid, sodium carbonate, sodium hydrogen carbonate, potassium
dihydrogen phosphate, phosphorus pentoxide, and orthophosphoric acid were also
purchased from Fisher Scientific. The catalyst P25 TiO2 particles [CAS no. 13463-67-7]
were supplied by Degussa. Coumarin was purchased from MP Biomedicals, LLC. The
oxygen from Trigas was the highest purity available. Millipore water (18 MΩ∙cm) and
volumetric glassware were used for the preparation of all of the aqueous solutions.
Di-(2-chloroethyl) hydrogen phosphate (diester adduct) was synthesized by an
alkaline hydrolysis process reported by Barnard et al. [98]. A solution of TCEP (0.21
moles) in 25 mL of 10 % NaOH solution was refluxed for 20 hours. The reaction mixture
was cooled to room temperature, acidified with concentrated hydrochloric acid, and the
product collected by liquid-liquid solvent extraction with dichloromethane. The yield of
the product was ~ 60 %. The product was characterized by 31P- & 1H-NMR spectroscopy;
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P-NMR (D2O, 400 MHz) δ -0.2(1H, q, 3JP-H = 6.9 Hz), 1H-NMR (D2O, 400 MHz) δ
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4.1(2H, dt, 3JP-H = 6.8 Hz, 3JH-H = 5.1 Hz), δ 3.8 (2H, t, 3JH-H = 5.1 Hz).
The 2-chloroethyl dihydrogen phosphate (monoester adduct) was prepared by the
procedure reported by Via et al. [99]. First, 2-chloroethanol (12.4 mmoles) was added to
phosphorus pentoxide P2O5 (6.0 mmoles) and then heated for 3 hours at nearly 70 °C in
the presence of 3.3 mmoles of water. After 3 hours, the mixture was cooled to room
temperature. The yield of monoester measured by 31P-NMR was 65%. The NMR details
are 31P-NMR (D2O, 400 MHz) δ -0.52 (1P, t, 3JP-H = 7.0 Hz); 1H-NMR (D2O, 400 MHz) δ
3.35 (2H, dt, 3JP-H = 7.0 Hz, 3JH-H = 5.4 Hz), 2.92 (2H, t, 3JH-H = 5.4 Hz).

2.3.2

Photocatalytic experiment
A Rayonet photochemical reactor equipped with a cooling fan and fourteen

phosphor-coated (350 nm) low-pressure black lights in a merry-go-around arrangement
was used for all photocatalytic experiments (The details of the photochemical reactor is
available at Southern New England Ultra-Violet Company, www.rayonet.org, model RPR100). The light flux was determined using potassium ferrioxalate actinometry and agreed
to within 10 % of the manufacturer’s specifications (1.6 x 1016 photons/sec/cm3). A Pyrex
glass cylinder vessel with Teflon stopper was used as a reaction vessel (L = 30 cm, D= 2.5
cm). In a typical experiment, a TiO2 suspension was prepared by adding 10 mg of TiO2
particles to 100 mL of TCEP aqueous solution. The initial TCEP concentration was varied
from 10 to 300 µM for kinetic studies. High concentration of TCEP were used for product
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studies. The TiO2 suspensions were sonicated in an ultrasonic cleaning bath for 5 mins to
ensure uniform suspension. The suspension was purged with oxygen gently for 10 minutes
prior to irradiation. The aqueous suspension was magnetically stirred and irradiated in the
photochemical reactor. The reaction vessel was removed from the reactor at desired time
intervals, rigorously shaken for 30 seconds, then a 5.0 mL aliquot of TiO2 suspension
withdrawn and immediately passed through a 0.45 μm PTFE filter. The filter was rinsed
with another 5.0 mL of deionized water and combined with the original filtrate to make the
total volume of 10 mL. To investigate the role of solution pH on the TiO2 photocatalytic
degradation of TCEP, NaOH and HNO3 were added to adjust the corresponding initial pH
of aqueous TCEP solution. The pH measurements were conducted on Mettler Toledo pH
meter. For evaluating the contribution of hydroxyl radicals involved in the degradation
process, we added coumarin as hydroxyl radical scavenger in TCEP photocatalytic
degradation.

2.3.3

Gas chromatographic (GC) analysis of TCEP
The concentration of TCEP was monitored by GC (Hewlett-Packard 6890)

equipped with a nitrogen phosphorus detector (NPD). The TCEP was extracted from the
filtered aqueous solution with dichloromethane (DCM) for analyses. The extraction was
carried out in a 40 mL glass extraction vial by adding 5 mL of DCM into 10 mL of the
aqueous solution. Another 0.075 mL of DCM containing 4000 ppm triphenyl phosphate as
an internal standard was added to each sample. The extraction vial was agitated in an Orbit
Shaker (Lab-Line) for 10 minutes at 300 rpm, before transferring one mL of the DCM
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phase to a 2.0 mL sample vial for GC analysis. The same extraction procedure was
employed in the preparation of calibration standards for the GC-NPD. Chromatographic
separation was carried out on a DB-5 fused silica capillary column [82]. The sample was
injected manually in splitless mode. The injector temperature was set to 250 °C and the
detector temperature at 300 °C. The initial GC temperature was held at 40 °C for 4 mins
and increased to 190 °C at 15 °C/min and then 10 °C/min to the final temperature of 310 °C
which was maintained for 4 mins. Helium was used as a carrier gas. The concentration of
TCEP was determined using the characteristic retention time, reference standard, careful
calibration of NPD, and quantification using an internal standard. The detector response
was calibrated against a series of TCEP aqueous solution ranging from 5 - 300 µM with
the internal standard yielding a correlation coefficient (R2) ≥ 0.99 (Figure 4). Standards
were run periodically to ensure accurate calibration of GC.

PA TCEP/PA IStd

1.2

y = 0.0035x - 0.0135
R² = 0.997

0.9
0.6
0.3
0.0
0
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240
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Figure 4. GC-NPD calibration curve for the determination of TCEP concentration using
TPhP as an internal standard. (Data were reproducible within ± 5 % on the basis of triplicate
runs).
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2.3.4

Analysis of mineralization products
Ion chromatography (IC) was used to monitor phosphate (PO43-) and chloride (Cl-)

as mineralization products of TCEP. A 761 Compact IC Metrohm equipped with a
Metrosep A Supp 5 column and conductivity detector was employed using the
manufacturer’s protocol. A mixture of 3.2 mM sodium carbonate and 1.0 mM sodium
hydrogen carbonate aqueous solution was used as a buffer with a flow rate of 0.7 mL/min.
The column was regenerated using a 0.125 M solution of sulfuric acid with a flow rate of
2.0 mL/min. The detector response was calibrated, and a standardization curve developed
using carefully prepared phosphate from 0.01 to 0.32 mM (Figure 5), and chloride from
0.02 to 0.85 mM standard solutions yields correlation coefficients ≥ 0.99 (Figure 6).
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Figure 5. Ion chromatographic calibration curve for the determination of the concentration
of phosphate ions.
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Figure 6. Ion chromatographic calibration curve for the determination of chloride ions.

2.3.5

Analysis of intermediates and byproducts
An NMR spectrometer (Bruker-Spectrospin 400 Ultrashield) was used to record

the

31

P-NMR (162 MHz) and 1H-NMR (400 MHz) spectra of starting materials and to

monitor intermediate and final products during the TiO2 photocatalysis of TCEP [100]. The
31

P-NMR chemical shifts were reported in ppm with respect to the resonance peak of 85 %

H3PO4 used as an external chemical shift reference. For the NMR product studies, the
initial concentration of TCEP was 15.06 mM.
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2.4
2.4.1

Results and discussion
Photocatalytic degradation
Photocatalysis of TCEP (109 µM) at 350 nm in an O2-saturated aqueous suspension

of TiO2 leads to rapid degradation, is shown in Figure 7. Control experiments run in the
absence of TiO2 or light demonstrated that direct photolysis and hydrolysis and/or
adsorption of TCEP were insignificant. However, under photocatalytic conditions
(TiO2/hv/O2), more than 50 % of TCEP was eliminated within 10 minutes of irradiation.
The observed rate of TCEP degradation decreased with the time of irradiation. The
reduction in the rate of degradation as a function of treatment time is attributed to lower
TCEP concentrations and the increase of by-product concentrations competing with TCEP
for active sites at the surface of TiO2 [91,93]. Complete degradation of TCEP was observed
within 60 mins of irradiation.
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Figure 7. TiO2 photocatalysis of TCEP at 350 nm in O2-saturated suspension. [TCEP]0 =
109 µM, [TiO2] = 0.10 g/L, and pH = 6.5. The reproducibility was within 5 % on the basis
of representative triplicate runs.
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The degradation kinetics of TCEP were studied over a range of initial
concentrations from 18 -270 µM, shown in Figure 8. The initial degradation rates of TCEP
as a function of starting substrate concentration were determined from the first 15-20 %
disappearance of the TCEP to minimize the effect of products on the initial kinetic
parameters and summarized in Table 3. With increasing initial TCEP concentration, the
observed degradation rate decreases. The observation is rationalized on the basis of the
finite number of reactive sites on the TiO2 surface or adsorbed •OH thus, as the initial
TCEP concentration increases, the portion of adsorbed target compounds on the TiO2
surface compared to those in solution decreases reducing the observed rate. In addition, the
by-products of TCEP may slow down the degradation because of competition for
adsorption sites and hydroxyl radicals [93].
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Figure 8. Degradation kinetics of TCEP ([TCEP]0 = 18-270 µM) upon irradiation at 350
nm at O2-saturated TiO2 (0.10 g/L) aqueous suspension.
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Plots of pseudo-first-order kinetics for the TiO2 photocatalytic degradation of
TCEP are presented in Figure 9. The rate constants (k) were calculated from the slope of
the linear pseudo-first-order equation, [lnCt/C0 = -kt], where Ct and C0 are the
concentrations of TCEP at time t and at the start of the reaction. The results are summarized
in Table 3. While the results for a given concentration of TCEP are consistent with pseudofirst-order kinetics, by the virtue of the linear relationship of ln(Ct/C0) as a function of time,
the change in the rate constant as a function of initial concentration suggests that the
reaction kinetics are more complex than a simple pseudo-first-order reaction. The observed
rate constant increases by order of magnitude when the substrate concentration is decreased
by nearly 15 fold. Similarly, a reduction of the reaction order as a function of substrate
concentration in the TiO2 photocatalysis has been reported by Sabin et al. [101]. The
change in the rate constant can be the result of mass transfer limitations (adsorption < - >
desorption) at the surface of TiO2.
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Figure 9. Pseudo-first-order kinetics plots of TCEP degradation upon irradiation at 350
nm in O2-saturated TiO2 (0.10 g/L) aqueous suspension.
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Table 3. Initial degradation rates and their corresponding pseudo-first-order rate constant
of TCEP as a function of concentration by TiO2 photocatalytic oxidation in O2-saturated
aqueous solution
[TCEP]

Initial rate

R2 value for

Pseudo-first-order rate

R2 value for

(µM)

(µMmin-1)

initial rate

constant (min-1)

rate constant

18

4.4

0.96

0.28

0.96

30

5.9

0.95

0.19

0.97

62

8.0

0.96

0.12

0.95

192

10.6

0.95

0.05

0.98

270

12.2

0.93

0.03

0.99

The TiO2 photocatalysis is a heterogeneous process requiring adsorption and
reaction at or near the surface of TiO2 [45,102,103]. The Langmuir-Hinshelwood (L-H)
kinetic model has been effectively employed in the modeling of TiO2 photocatalytic
transformation to an extensive number of organics by plotting the initial degradation rates
as a function of concentration [48,49,104]. The L-H equation is represented in Equation
13, where r0 is the initial degradation rate of target materials, C0 is the initial concentration
of substrate, krxn-LH is the reactivity constant, and KLH is the apparent equilibrium constant.
Langmuir-Hinshelwood equation: 1⁄r0 = 1⁄k
+ 1⁄k
rxn−LH K LH C0
rxn−LH

(13)

The L-H experiment was conducted over a range of initial concentrations (18 – 270 µM)
at constant TiO2 concentration under uniform light intensity. Using the value of the leastsquare fit correlation coefficient (R2 ≥ 0.988) of the L-H plot (Figure 10), the degradation
kinetics of TCEP are in good agreement with the L-H mechanism. The L-H kinetic
parameters determined from the slope and intercept of the L-H plot are KLH = 0.03 µM-1
and krxn-LH = 13.1 µM min-1. The L-H kinetic parameters are often referred to as apparent
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kinetic parameters, which may not correlate to their original intended kinetic parameters
[105]. However, the L-H kinetic parameters are valuable for predicting degradation rates
and for making comparisons among different compounds over a range of reaction
conditions [106]. The equilibrium constant, KLH, is theoretically associated with the
partitioning of TCEP at the surface of TiO2, and krxn-LH is a coefficient related to the
reactivity of the target compounds (susceptibility of TCEP to degradation). The TiO2
photocatalytic induced degradation of TCEP adheres to pseudo-first-order and the L-H
kinetic models despite the complex interplay among the production of hydroxyl radicals at
the surface and the surface adsorption<->desorption of target compounds leading to the
degradation.
0.3
y = 2.77x + 0.076
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Figure 10. Langmuir-Hinshelwood plot of the degradation of TCEP ([TCEP]0 = 18-270
µM) upon irradiation at 350 nm at O2-saturated TiO2 (0.10 g/L) aqueous suspension.

2.4.2

Mineralization of TCEP
The TiO2 photocatalytic mineralization of TCEP was assessed by measuring the

production of PO43- and Cl-, Figure 11, as well as the total organic carbon (TOC) present
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in solution, Figure 12, as a function of irradiation time. Excellent phosphate and chloride
mass balances were observed upon extended irradiation. Tris (2-chloroethyl) phosphate
contains one phosphorus atom and three chlorine atoms.
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Figure 11. Evolution of PO43- and Cl- ion upon irradiation at 350 nm in O2-saturated TiO2
aqueous suspension. [TCEP]0 = 0.422 mM, [TiO2] = 0.10 g/l, and data were reproducible
± 5 % on the basis of a representative triplicate runs.

From an initial concentration of 0.422 mM of TCEP, 0.40 mM of phosphate (94.7 %) and
1.25 mM of chloride (98.7 %) ions were measured by IC. While Antonopoulou et al.
reported an almost complete mass balance of chloride ions, a phosphorus mass balance of
only 60 % was reported during the TiO2 photocatalytic degradation of TCPP [93]. We
observed TiO2 photocatalysis of TCEP was complete within an hour; however, to achieve
the extensive transformation of TCEP and by-products to phosphate required extended
irradiation. The delay in phosphate mass balance indicates the involvement of intermediate
products [107,108]. The starting material, TCEP, is degraded within 50 mins, at which time
the mass balances for chloride is 35 % and for phosphate 25 %. Once the TCEP is fully
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degraded, the formation of chloride and phosphate continues for another ~ 2 hours of
treatment. After ~ 3 hours of irradiation, mineralization to chloride and phosphate is ≥
95 %. The delay in the formation of mineralization products relative to the disappearance
of TCEP indicates the presence of chlorinated organic by-products with and without
phosphorus at longer treatment times.
Mineralization of TCEP by TiO2 photocatalytic irradiation is further supported by
the monitoring of the level of total organic carbon (TOC) in the reaction solution. TOC of
irradiated TCEP solution was determined by a TOC-VCSH analyzer (Shimadzu, Japan)
using a high-temperature platinum combustion method [109]. An aliquot of twenty mL of
irradiated TCEP solution was filtered, then acidified to pH < 2 with 3 N HCl and sparged
with CO2-free compressed air before injection. The combustion derived CO2 was carried
by ultra-zero grade compressed air and detected by a non-dispersive infrared CO2 detector.
The initial [TCEP] was 110 µM for TOC measurements in an aqueous solution irradiated
over TiO2 photocatalyst. Results demonstrate (Figure 12) that ̴ 50 % of TOC was removed
from the reaction solution within one hour. Over the 2 hours of irradiation, more than 95 %
TOC removal indicating near complete mineralization.

2.4.3

Effect of solution pH on TiO2 photocatalytic degradation of TCEP
Solution pH can have a pronounced effect on the TiO2 photocatalytic degradation

of organophosphorus compounds [11,110]. The effect of solution pH on photocatalytic

34

degradation of TCEP was evaluated by varying the solution pH from highly acidic (pH 2.0)
to highly alkaline (pH 11.8) conditions, illustrated in Figure 13.
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Figure 12. Reduction of total organic carbon (TOC) as a function of irradiation time of
TiO2 photocatalysis of TCEP. [TCEP]0 = 110 µM, [TiO2] = 0.10 g/L, and standard
deviation was ±5 %.

At modestly acidic to basic conditions (pH 4-9), the rates of degradation are
relatively constant. However, under highly acidic pH, the rate of TCEP degradation
decreases while under highly basic pH, the rate of degradation increases significantly.
Since the phosphate ester functional group can undergo base hydrolysis, a dark control
experiment at the highly alkaline pH was carried out. However, no significant loss of TCEP
was observed under highly alkaline conditions in the dark. A number of factors can
contribute to the enhanced photocatalytic degradation at alkaline conditions. The surface
of TiO2 under alkaline conditions has negative charges, which can lead to reduced
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agglomeration compared to neutral conditions. Reduced agglomeration can contribute to
the higher surface area, higher adsorption, and faster degradation rates [111]. In addition,
at high pH, the surface of TiO2 is negative, and thus the probability of adsorption of anionic
by-products and phosphate decreases, leading to the faster degradation of a neutral target
compound. The pKa of the hydroxyl radical is 11.5. Thus at pH 11.8, hydroxyl radical is
converted to an oxygen atom radical anion (•OH ⇌ O•- + H+), which may have higher
reactivity [112].
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Figure 13. TiO2 photocatalytic degradation of TCEP in O2-saturated aqueous suspension
at 350 nm irradiation over a range of solution pH. [TCEP]0 = 109 µM, [TiO2] = 0.10 g/L.

2.4.4

Scavenging studies to assess the contribution of hydroxyl radicals
While hydroxyl radicals are often considered the predominant species initiating the

degradation processes during TiO2 photocatalysis, other species can also contribute to the

36

degradation. The reactions of hydroxyl radicals with organic compounds is a bimolecular
process [95,113,114]. To probe the role of the hydroxyl radical in degradation kinetics,
coumarin, a well-known hydroxyl radical trap, was added to the reaction solution [115].
Upon the addition of an equimolar amount of coumarin, the degradation decreases by ~ 70
%, which indicates hydroxyl radicals are the main species participating in the degradation
process of TCEP, as illustrated in Figure 14.
0.0

ln(Ct/Co)

-0.5
-1.0
[Substrate] µM
k (min-1)
48 TCEP + 48 Coumarin 0.023
96 TCEP
0.083
48 TCEP
0.142

-1.5
-2.0
0

3

6
9
12
Irradiation time (min)

15

18

Figure 14. Effect of coumarin on the TiO2 photocatalytic degradation of TCEP at 350 nm
in O2 saturated suspension.

The second-order rate constant (k) of hydroxyl radical for coumarin is k•OH+COU = 2.9 x 109
M-1s-1 and for TCEP is k•OH+TCEP = 5.6 x 108 M-1s-1 [95], the ~ 70-75 % reduction of TCEP
degradation with the addition of coumarin is nicely correlated to competition kinetics for
hydroxyl radical. The observed rate for TCEP degradation decreases ~ 70-75 % from 0.083
to 0.023 min-1 upon the addition of an equimolar amount of scavenger. A ~ 50 % decrease
in the reaction rate for TCEP degradation would be expected if the rate constants were
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equal. The 75 % decrease observed reflects the faster bimolecular rate constant for
coumarin being almost double the rate constant, (2.9/5.6 ~ 52 %) for the reaction of TCEP
with •OH. Thus, diluting the relative concentration of TCEP by 50 % decreases rate by 50
%, and since the bimolecular hydroxyl radical rate constant for TCEP is 52 % of the rate
constant for coumarin, the overall theoretical rate decreases to 0.50 x 0.52 = 0.26 or 26 %.
Normalization of the original observed rate for the dilution and difference in reactivity
gives a theoretical rate 0.083 min-1 x 0.26 = 0.22 min-1, which is within the experimental
error of the observed rate 0.23 min-1 indicating that hydroxyl radical is the predominant
species leading to the degradation of TCEP under our experimental conditions.

2.4.5

Products studies
Product studies are critical to establish the course of degradation and to determine

the formation and fate of intermediates during the TiO2 photocatalytic degradation. The
halogenated organophosphate esters are composed of carbon, hydrogen, oxygen,
phosphorus, and halogen atoms. The final mineralized degradation products of TCEP are
CO2, H2O, phosphate (PO43-), and chloride (Cl-) ions. As discussed earlier, the TiO2
photocatalytic degradation of TCEP yields near the stoichiometric amount of chloride and
phosphate ions as mineralization products, but intermediates products have yet to be
reported. On the basis of previous studies of organophosphorus compounds, oxidation of
alkyl phosphate ester groups can be achieved by TiO2 photocatalysis; thus, subsequent
conversion of TCEP to the diester adduct, TCEP-diester subsequently to the TCEPmonoester is proposed as shown in Scheme 2 [11]. Mass spectrometry (MS) is a powerful
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tool and has been extensively used for identifying oxidative products in TiO2
photocatalysis. The MS identification relies primarily on molecular weight and often
cannot distinguish among constitutional and geometric isomers. In addition, an elevated
capillary temperature is used in MS during the ionization, which may lead to a potential
transformation of products generated during photocatalytic oxidation. With above
information in mind, NMR spectrometry allows for detailed characterization of the
products at room temperature during TiO2 photocatalysis of TCEP. To identify the
phosphorus-containing intermediate products during photocatalysis, the 31P-NMR spectra
of TCEP reaction mixtures were recorded as a function of treatment time, illustrated in
Figure 15.

TCEP

TCEP-diester

TCEP-monoester

Scheme 2 Reaction pathways for TiO2 photocatalytic degradation of TCEP to
mineralization products (TiO2* indicates photo activation).

We identified di (2-chloroethyl) hydrogen phosphate (TCEP-diester) as the main
phosphorus-containing intermediate during the photocatalysis. The identity of the
intermediate was confirmed by 31P-NMR and 1H-NMR via comparison with our prepared
authentic samples. Complete mineralization of TCEP into phosphate ions was also
confirmed by NMR studies comparing the signal of the 31P-NMR spectrum of phosphoric
acid.
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Figure 15. 31P-NMR spectra of TiO2 photocatalytic reaction mixture of TCEP ([TCEP]0 =
15.06 mM).

Previous reports established that phosphonates are transformed from diester to monoester
via oxidation of ester side chain and finally mineralized to phosphates [11], and in the
present study, monoester of TCEP, 2-chloroethyl dihydrogen phosphate (TCEPmonoester), was also identified. The 1H-NMR characterization of the reaction solutions did
not indicate the presence of detectable amounts of chloroacetic acid, chloroacetaldehyde,
2- chloroethanol. The production and lifetime of low molecular weight organochlorine
compounds appear to be short given the excellent Cl- mass balance upon continued
irradiation. Ruan et al. [94] proposed ester-type intermediates in the degradation of TCEP
by UV/H2O2. However, they only identified small organic molecules like formic acid,
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acetic acid, and phosphate in PO43- without reporting any organophosphorus or
organochlorine by-products. The time profile for the disappearance of TCEP and the
formation of diester, monoester, and phosphate products during the photocatalysis is
illustrated in Figure 16.
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Figure 16. Phosphorus-containing product distribution during TiO2 photocatalysis of
TCEP ([TCEP]0=15.06 mM) in the D2O solution monitored by 31P-NMR.

2.4.6

Mechanistic consideration
A number of reaction mechanisms can be envisioned to explain the formation of major

diester type compounds of TCEP. The hydroxyl radical (•OH) reacts with an organic
molecule via one of the three different mechanisms: hydrogen atom abstraction,
electrophilic addition to the double bond, and electron transfer from an organic molecule.
Following these insights and detailed mechanistic studies of related organophosphates,
probable mechanisms for the hydroxyl radical-mediated conversion of TCEP into its
diester, monoesters, and finally to mineralization are shown in Figure 17 involving
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hydrogen abstraction mechanism. In the abstraction mechanism, a hydrogen atom is
abstracted from ethyl ester carbon leading to the formation of a carbon-centered radical.
The hydrogens alpha to the oxygen atom and chlorine atom will be activated towards
abstraction by electronic effects, but the more reactive position should be alpha to the
oxygen atom. The resulting carbon-centered radical can undergo further oxidation leading
to the formation of an acetal, either by direct reaction with another hydroxyl radical, which
in aqueous solution will be converted to the partially hydrolyzed ester or by the addition of
oxygen to form a peroxyl radical. The dimerization of two peroxyl radicals, followed by
extrusion of O2 via a Russell mechanism, can also be used to explain the observed products
[11]. Oxidation of the remaining 2-chloroethoxy group yields 2-chloroethyl dihydrogen
phosphate. Subsequent hydroxyl radical-mediated oxidation can convert the diester adduct
to monoester adduct and subsequently to phosphate. The formation of di (2-chloroethyl)
hydrogen phosphate and 2-chloroethyl dihydrogen phosphates are consistent with the
hydroxyl radical-mediated pathways, even though the 2-chloroethyl dihydrogen phosphate
disappears quickly. This may be caused by the hydroxyl radicals readily oxidizing the 2chloroethyl-dihydrogen phosphate at the surface of the photocatalyst and finally
mineralization to phosphate ion.
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Figure 17. Proposed mechanism for the hydroxyl radical-mediated photocatalytic
degradation of TCEP.

2.5

Conclusions
We have shown the TiO2 photocatalytic degradation of the organophosphate flame

retardant, tris (2-chloroethyl) phosphate (TCEP), is effective upon the irradiation at 350
nm in oxygen-saturated aqueous suspension. The degradation follows pseudo-first-order
kinetics with varying rate constant depending on the initial concentration of TCEP and fits
the Langmuir-Hinshelwood model. The apparent kinetic parameters obtained from the
application of these models can be used for predictive purposes and to address treatment
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objectives. Intermediate products included the di- and mono-esters adducts, which were
conclusively identified by comparison with authentic samples using 1H- and
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P-NMR.

Final products from extended irradiation demonstrate nearly complete mineralization can
be obtained upon extended treatment. Mechanistic consideration indicates the degradation
proceeds via hydroxyl radical-mediated pathways. These results suggest that TiO2
photocatalytic oxidation will be useful for the decontamination of aqueous solutions
contaminated with the recalcitrant organophosphate compounds.
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DEVELOPMENT OF VISIBLE LIGHT-ACTIVATED
TITANIUM DIOXIDE PHOTOCATALYST
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3.1

Abstract
The photocatalytic activities of reduced titanium dioxide (TiO2) materials have been

investigated by measuring their ability to produce hydroxyl radical upon UV and visible
light irradiation. Degussa P25 TiO2 was doped with nitrogen (N), fluorine (F), and/or
phosphorus (P) and then subjected to surface modification employing a thermophysicochemical process in the presence of a reducing agent, sodium borohydride
(NaBH4). The reduced TiO2 materials were characterized by XRD, HRTEM, EDXRF, UVVisible, and Raman spectrometry. Surface doping of TiO2 was employed to modulate the
band gap energies into the visible wavelength region for better overlap with the solar
spectrum. Hydroxyl radical generation, central to TiO2 photocatalytic water purification
applications, was quantitated using coumarin as a trap under UV and visible light
irradiation of the reduced TiO2 materials. At 350 nm irradiation, the yield of hydroxyl
radicals generated by the reduced forms of TiO2 was nearly 90 % of hydroxyl radicals
generated by the Degussa P25 TiO2. Hydroxyl radical generation by these reduced forms
of TiO2 was also observed under visible light irradiation (419 and 450 nm). These results
demonstrated a simple surface modification of doped TiO2 can lead to visible light activity,
which is important for more economical solar driven applications of TiO2 photocatalysis.
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3.2

Introduction
While titanium dioxide (TiO2) has attracted remarkable attention as a photocatalyst

over the past few decades for the treatment of wastewater and the degradation of hazardous
chemicals, significant industrial applications and commercial benefits have yet to be
realized [46,116,117]. The TiO2 photocatalysis requires absorption of a photon typically in
the UV region (λ < 400 nm) to generate an electron(e-CB)/hole(h+VB) pair, Equation 14,
which can initiate degradation through the production of reactive oxygen species (ROS) as
outlined below in Equations 14-18. The recombination of the electron/hole pair is often a
dominant process that eliminates the potential for the formation of ROS. In competition
with recombination, the electron/hole pairs can migrate to the surface of TiO2 and form
ROS in the presence of water and oxygen [45,118–120]. While direct oxidation and
reduction of target substrates by electron/hole pair can also be envisioned, such direct
transformations are generally not competitive in aqueous solution. The primary processes
leading to degradation of target pollutants usually involve the formation of ROS, hydroxyl
radical (•OH), Equations 15 and 18, superoxide anion radical (O2•‒), Equation 16, and
hydrogen peroxide (H2O2), Equation 17. Although a number of ROS are generated in a
TiO2 photo-oxidation process and can lead to the mineralization of organic pollutants, •OH
is considered the primary species leading to degradation [49,51,121].
TiO2 + hv → h+VB + e-CB

(14)

H2O + h+VB → H+ + •OH

(15)

O2 + e-CB → O2•-

(16)

2H2O + O2•- → H2O2 + 2HO• + O2

(17)
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H2O2 + e-CB → 2HO•

(18)

Undoped TiO2

N, F, and P co-doped TiO2

Figure 18. Schematic band gap energy levels of doped and undoped TiO2. Eg stands for
the band energy gap between the valance band (VB) and conduction band (CB).

The TiO2 is readily available, inexpensive, and chemically stable; however, there
are two major drawbacks to TiO2 photocatalysis [46,122]. Firstly, the photoexcitation of
unmodified TiO2 requires UV light. Secondly, the quantum yield for photochemical
production of ROS is low because of the rapid recombination of electron/hole pairs
[88,120]. The solar spectrum is predominately in the visible region, with only ~ 5 % of the
total irradiation in the UV region. A major challenge in TiO2 photocatalysis is to utilize the
visible region of the solar spectrum. Extension of the TiO2 light absorption profile into the
visible light region offers significantly improved economic viability compared to those
requiring UV activation. A number of techniques including non-metal doping with nitrogen
(N), sulfur (S), carbon (C), fluorine (F), iodine (I), boron (B), non-metals co-doping, metal
deposition, dye sensitization, semiconductor coupling, and enriching the oxygen content
of TiO2 have led to a variety visible light-activated (VLA) TiO2 materials over the last
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decade [46,116,123–128]. A number of metal doping materials have been previously
explored; however, metal doping often produces undesirable metal titanates at high
processing temperatures [129–132]. Non-metal doping or co-doping into the TiO2 modifies
the valence band level of TiO2, reducing the effective band gap energy, as shown in Figure
18, and modulating the light absorption into the visible light region [133–138]. Although
the incorporation of dopant elements can result in the advantage of narrowing band gap
energies, dopants can influence charge carrier recombination processes, and the limited
solubility of dopants into the bulk materials as well as thermal instability have limited
photocatalytic applications of doped TiO2 materials[139–143].
Simple reduction of Ti within the TiO2 matrix leads to stable colored TiO2 with
visible light-absorbing properties, and these materials have attracted extensive attention
because of enhanced photocatalytic activity [144–147]. Notably, black TiO2 prepared from
the hydrogenation of TiO2 nanocrystals at high-pressure exhibits relatively low band gap
energy and enhanced photocatalytic activity for water splitting and dye degradation [144].
A number of approaches, including high pressure, high temperature, plasma-assisted
hydrogenation, and high-temperature aluminum vapor reduction, have been explored for
the preparation of VLA TiO2 materials [145–148]. High-pressure and/or high-temperature
protocols are often experimentally challenging and/or expensive. Recently, Tan et al.
developed a fast and simple chemical reduction method for the production of colored TiO2
through a controllable solid-state reaction of NaBH4 and crystalline TiO2 at moderate
temperature (< 300 °C) [149]. The resulting reduced TiO2 material possessed a narrow
band gap with a crystalline core/amorphous shell structure (TiO2@TiO2-x) containing
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oxygen vacancies at the surface of TiO2 promoting the separation of charge carriers and
leading to improved VLA photocatalytic performance. Herein, we synthesized reduced codoped P25 TiO2 through thermal treatment in the presence of NaBH4 in an attempt to
extend the TiO2 photocatalytic function into the visible light region. Although reduction
and co-doping of TiO2 can narrow band gap energies appropriate for the absorption of
visible light, enhanced visible-light photocatalytic activity is not ensured [46]. The
photocatalytic activity is generally associated with a redox reaction initiated by the photogenerated charge carriers. Assessment and comparisons of the photocatalytic activity of
different TiO2 materials are challenging because of the variation of experimental
conditions, equipment design, flux intensity, loading, band gap, surface area, and crystal
lattice and composition. While the application of TiO2 photocatalysis for remediation of
pollutants and toxins in aqueous media has been studied extensively, assessing the specific
effectiveness of the photocatalyst is still not standardized [150–155]. Since •OH is
generally the primary species initiating the degradation of target pollutants during TiO2
photocatalysis, monitoring •OH production during TiO2 photocatalysis is an effective way
to evaluate TiO2 photocatalytic activity. Noteworthy, Xiang et al. reported an OH-index
parameter, as expressed in Equation 19, to assess the activity of a photocatalyst [155].
OH-index = (r/r0) x 100,

(19)

where r and r0 are the formation rate of •OH on the irradiated photocatalyst and reference
photocatalyst P25 TiO2 respectively. The P25 TiO2 was taken as the reference standard for
the production of •OH under UV irradiation as one of the most extensively investigated
and most active commercial photocatalyst [154].
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Direct measurement of •OH is difficult because its short wavelength (< 230 nm)
absorbance makes it challenging to monitor, and its high reactivity results in an extremely
short lifetime (often 10-9 s) [121]. Given these limitations, indirect methods have been
established to trap hydroxyl radicals with the formation of stable hydroxyl radical adducts.
Among hydroxyl radical traps, coumarin (COU) forms a hydroxyl radical adduct that can
be readily quantitated using fluorescence spectroscopy. We have employed coumarin,
which yields 7-hydroxycoumarin (7HC) upon trapping of hydroxyl radical, as shown in
Figure 19. The concentration of 7HC measured by fluorescence is proportional to the
production of hydroxyl radicals by TiO2 materials under UV and visible light [115].

Figure 19. The reaction of COU and •OH for the production of highly florescent 7HC.
One of the purposes of the study was to develop visible light active forms of TiO2
through a simple reduction process. We prepared the VLA TiO2 materials using a
controllable solid-state thermal physicochemical process. Detailed physical and chemical
characterization of the prepared materials, along with their optical properties, is reported
herein. Hydroxyl radical production is reported as a measure of the viability of these TiO2
materials for the destruction of environmental contaminants in potential water treatment
applications. The study also compares the relative photocatalytic efficiency of prepared
TiO2 materials using OH-index. Our results provide insight into the development of visible
light-activated photocatalysts for the destruction of organic pollutants in water.
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3.3
3.3.1

Experimental section
Materials
The P25 TiO2 donated by Degussa was employed as a starting material. N and F

co-doped TiO2 (NF-TiO2) and N, F, and P co-doped TiO2 (NFP-TiO2) were prepared by
using titanium tetraisopropoxide (97.0 %), isopropanol (99.0 %), ammonium
hexafluorophosphate (NFP) (≥95.0 %), urea (N) (≥98.0 %), trifluoroacetic acid (TFA)
(99.0 %) and phosphoric acid (PA) (85 wt. %). A detailed experimental procedure to
prepare these samples is provided in Ref [122]. Sodium borohydride (NaBH4) obtained
from Acros Organics was 98 % pure and used without further purification. Coumarin was
purchased from MP Biomedicals, LLC. 7-Hydroxycoumarin (7HC) was 99 % pure and
purchased from Acros Organics. The air used to purge samples were from Trigas of the
highest available purity. Millipore water (18 MΩ∙cm) was used for the preparation of all
aqueous solutions.

3.3.2

Preparation of reduced TiO2 materials
In a typical procedure, 4.0 g of P25 TiO2 was mixed with 1.5 g of NaBH4 in an

agate mortar and thoroughly ground with a pestle for 30 min at room temperature. The
resulting mixture was transferred to a porcelain boat and placed in a tubular furnace.
Gradient heat was applied at a rate of 10 °C min-1 from room temperature to 300 °C under
an argon atmosphere and baked for an additional 30-70 min at 300 °C. The sample was
removed from the furnace and allowed to naturally cool to room temperature. The resulting
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colored TiO2 was washed with deionized water and ethanol several times to eliminate
unreacted NaBH4 and undesired by-products. The washed sample was stored for
characterization after drying at 70 °C for one hour. A series of reduced forms of NF-TiO2
(NF-TiO2red) and reduced forms of NFP-TiO2 (NFP-TiO2red) were prepared as a function of
reduction time.

3.3.3

Characterization of reduced TiO2 materials
The X-ray diffraction (XRD) patterns were taken for the reduced TiO2 materials

employing a Bruker Advance D8 X-ray diffractometer, with Cu Kα (λ = 1.54056 Å)
radiation with continuous scanning in the range of 10°< 2Θ <90°. Structure, surface
morphology, and microstructure of prepared materials were characterized by highresolution transmission electron microscope (HRTEM) and STEM imaging studies
using FEI TITAN G2 80-300 operated at 300 kV. Samples were sonicated and placed onto
a carbon-coated copper grid for scanning by microscope. The concentration of N, F, P, and
Ti in doped TiO2 samples was determined using the energy dispersive X-ray fluorescence
(EDXRF) analyses. The vibrational spectroscopy of hybrid nanostructure was identified
using the Thermo Scientific XDR Raman microscope employing a 532 nm laser at 5 mW
power. The UV-Visible absorption spectra of the various TiO2 materials were recorded at
room temperature on a Varian Cary 100 Bio UV-Visible spectrophotometer in the
wavelength range of 220-800 nm. The band gap of the prepared samples was calculated
from Kubelka-Munk plots.
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3.3.4

Photocatalytic experiment
The illumination of the TiO2 suspension was carried out in a Rayonet

Photochemical Reactor equipped with a cooling fan and up to 16 lamps in a merry-goround arrangement (details of the reactor, model RPR-100, are available at Southern New
England Ultra Violet Company) [156]. Three sets of lamps provide specific irradiation
centered around 350, 419, or 450 nm. Eight lamps equally distributed within the reactor
were employed in each experiment. A phosphor coated black light of nearly 350 nm was
used for UV irradiation and white tungsten bulbs of 419 and 450 nm for visible light
irradiations. The intensity of light fluxes for 350 nm, 419 nm, and 450 nm was at 10 %
deviation according to manufacturer specifications. Pyrex glass reaction vessels with
Teflon stoppers (L = 30 cm, D= 2.5 cm) were employed for all photocatalysis experiments.
In a typical experiment, 100 mL of 125 µM COU aqueous solution was loaded with 10 mg
of catalyst and sonicated in an ultrasonic cleaning bath for 10 minutes to produce a uniform
of suspension. The mixture was gently purged with air for 10 minutes prior to irradiation.
The aqueous suspension was magnetically stirred during irradiation in a photochemical
reactor. The reaction vessel was removed from the reactor at desired time intervals,
vigorously shaken for 30 seconds, and a 5.0 mL aliquot withdrawn from the reaction
solution and immediately passed through a 0.45 µm PTFE filter. The filter was rinsed with
another 5.0 ml of deionized water combined with filtrate to make the total volume of 10
ml for future analyses.

54

3.3.5

Measurement of the formation of hydroxyl radicals
The concentrations of •OH during irradiation of the aqueous TiO2 suspensions were

measured from the concentration of highly fluorescent hydroxyl radical adduct (7HC)
produced from the reaction of •OH with COU. Using the established yield of 7HC from
the COU + •OH reaction, the concentration of •OH production can be determined as a
function of irradiation time. The optimal COU concentration ranges for •OH production
are reported between 100-1000 µM [88]. Czili et al. observed maximum initial yields when
the COU concentration was 100 µM [115]. While •OH generated during TiO2
photocatalysis is primarily formed at the surface, •OHads can diffuse from the TiO2 surface
leading free •OH. Previous studies have shown free •OH and •OHads occur at or near the
surface and have similar reactivities. The trapping efficiency of •OH in TiO2 suspension
reported by Zhang et al. is ~ 6.1% using 100 µM COU [157]. Newton and Milligan reported
similar trapping efficiency of 4.7% [158]. The detection and quantification of 7HC were
carried out by a Horiba FluoroMax Spectrofluorometer setting with excitation and emission
wavelengths at 332 and 455 nm, respectively. The equipment was calibrated against a
series of standard 7HC concentrations ranging from 0.1 to 3.0 µM (0.1, 0.5, 1.0, 1.5, 2.0,
and 3.0 µM). The calibration plot, shown in Figure 20, was obtained by plotting the
fluorescence intensity measured at 455 nm as a function of 7HC concentration. The
correlation coefficient of the calibration plot was ≥ 0.99.
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Florescence Intensity x 105
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y = 3.8842x + 0.0068
R² = 0.9995
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Figure 20. Spectrofluorometer calibration curve for the measuring of 7HC. Standard
deviation was ± 5 % on the basis of triplicate runs

3.4

Results and discussion
A series of the reduced TiO2 materials (identified as TiO2red) for P25 TiO2 and N, F,

and/or P co-doped TiO2 (NF-TiO2 and NFP-TiO2) were synthesized by thermal treatment
with NaBH4 for 30, 50, and 70 min following the reported method [149] as detailed in the
experimental section. The specific conditions of thermal treatment used in the preparation
of reduced TiO2 materials are tabulated in Table 4, and the optical reflectance of
representative samples are shown in Figure 21.
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Table 4. The prepared TiO2 materials as a function of reduction time with NaBH4 along
with their thicknesses of the amorphous layer
Thickness over the treatment time with NaBH4 at 300 °C

Series
name

30 min

(nm)

50 min

(nm)

70 min

(nm)

P25 TiO2

TiO2red 30

1.2

TiO2red 50

1.5

TiO2red 70

2.0

NF-TiO2

NF-TiO2red 30

1.3

NF-TiO2red 50

2.1

NF-TiO2red 70

6.0

NFP-TiO2

NFP-TiO2red 30

1.0

NFP-TiO2red 50 1.5

NFP-TiO2red 70

2.0

(P25 TiO2)

(TiO2red 30)

(TiO2red 50)

(TiO2red 70)

(NF-TiO2)

(NF-TiO2red 30)

(NF-TiO2red 50)

(NF-TiO2red 70)

(NFP-TiO2)

(NFP-TiO2red 30)

(NFP-TiO2red 50)

(NFP-TiO2red 70)

Figure 21. Color photographs of reduced TiO2 synthesized by thermal treatment with
NaBH4
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3.4.1

Phase structure analysis
The performance of a photocatalyst is often dependent on the many factors,

including the crystal structure, surface area, and composition [128,130,159]. The TiO2 can
exist as three different forms; anatase, rutile, and brookite [129,159–162]. Anatase is
considered the most photo-catalytically active crystal form. The photocatalytic activity of
TiO2 can vary dramatically depending on its lattice structure, and thus, XRD patterns were
used to analyze the crystalline properties of synthesized TiO2 samples. The XRD data of
P25 TiO2 and reduced TiO2 are provided in Figure 22. All observed peaks on the XRD
patterns of the reference P25 TiO2 and the reduced TiO2red were indexed to anatase and
rutile phases. The intensity of XRD peaks for TiO2red 70 associated with anatase phase,
however, decreased, indicating lower crystallization caused by surface modification at
longer treatment times without a significant change of crystallinity. Anatase (tetragonal
structure, a & b) 3.78 Å; c) 9.50 Å) and rutile (tetragonal structure, a & b) 4.58 Å; c) 2.95
Å) are the two major forms of crystalline TiO2. Titanium dioxide can also exist in another
thermodynamically unstable form called brookite (rhombohedral structure, a) 5.43 Å; b)
9.16 Å; c) 5.13 Å). The brookite phase was not detected in any of the samples in the present
study. Previous experiments showed that anatase is kinetically more stable than rutile,
while rutile is reported to be more thermodynamically stable than anatase at normal
atmospheric pressure and temperature [122,161]. It has been found that a crystalline
mixture of the two different phases of titanium dioxide, such as anatase and rutile, is more
photoactive than 100 % anatase [161–163].
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Figure 22. Comparison of XRD patterns among P25 TiO2 and reduced forms of P25 TiO2
materials. (Superscript R and A represent the anatase and rutile phases, respectively)

3.4.2

Microstructural and morphological analysis
Micrographs of high-resolution transmission microscopy of P25 TiO2 materials and

the reduced forms of NF-TiO2 and NFP-TiO2 are presented in Figure 23-25. The high
crystalline order of the TiO2 nanoparticles with the characteristic lattice of anatase
possessing indexed planes of (101) and (200) was observed in all samples. A thin
amorphous layer was observed at the surface of the reduced TiO2 nanoparticles indicative
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of surface modification. The measured thicknesses of the amorphous layers are tabulated
in Table 4. The values of the amorphous layer and the characteristics of the crystalline
order of the anatase suggest that we can modulate the amorphous layer by changing the
duration of thermal treatment and consequently modulate the band gap energies into the
visible light region.

(i)

(ii)

(iii)

(iv)

Figure 23. HRTEM images of TiO2 nanocrystals. (i) P25 TiO2 before reduction, (ii) TiO2red
70
(2.0 nm of the amorphous layer), (iii) TiO2red 50 (1.5 nm of the amorphous layer), and (iv)
TiO2red 30 (1.2 nm of the amorphous layer)
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(i)

(ii)

(iii)

(iv)

Figure 24. HRTEM images of N, and F co-doped TiO2 nanocrystals. (i) NF-TiO2 before
reduction, (ii) NF-TiO2red 70 (6.0 nm of the amorphous layer), (iii) NF-TiO2red 50 (2.1 nm of
the amorphous layer) and (iv) NF-TiO2red 30 (1.3 nm of the amorphous layer)
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(i)

(ii)

(iii)

(iv)

Figure 25. HRTEM images of N, F, and P co-doped TiO2 nanocrystals. (i) NFP-TiO2
before reduction, (ii) NFP-TiO2red 70 (2.0 nm of the amorphous layer), (iii) NF-TiO2red 50
(1.5 nm of the amorphous layer) and (iv) NF-TiO2red 30 (1.0 nm of the amorphous layer)
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3.4.3

EDXRF analysis
Our results demonstrated effective doping of TiO2 with nonmetals N, F, and P.

Chemical composition as weight percentage for the synthesized catalyst NF-TiO2 was N
(7.17 %), O (42.46 %), F (3.40 %) and Ti (46.97 %) and for the NFP-TiO2 the composition
was determined as N (9.17 %), O (37.28 %), F (12.56 %), P (7.35%), and Ti (33.65 %).
The XRF spectrum of doped samples NF-TiO2 and NFP-TiO2 are presented in Figure 26
– 27. Degussa P25 has an average crystalline size of 21 nm with a specific surface area of
50 m2 /g [164]. The particle size of 22.3 nm was calculated for the NFP samples processed
at 600 °C, with a modest increase to 29.5 nm at 1000 °C and 40.7 nm 1100 °C reported
[122].

Figure 26. EDXRF spectrum of N, and F co-doped TiO2 (NF-TiO2).
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Figure 27. EDXRF spectrum of N, F, and P co-doped TiO2 (NFP-TiO2).

3.4.4

UV-Vis and Raman spectroscopy
The colors of the prepared TiO2, presented in Figure 20, indicate visible light

absorption. The UV-visible diffuse reflectance spectra of the reduced TiO2 samples,
provided in Figure 28, were used to determine the specific absorption edges and band gap
energies. The results demonstrated the band gap energies of doped samples shift to the
visible light region compared to the unmodified P25 TiO2. A reduction of the band gap
energy from 3.1 eV to 2.23 eV was observed for P25 TiO2 after treatment of approximately
one hour. For NF-TiO2 particles, the band gap energy dropped by 0. 8 eV to 1.30 eV. The
NFP-TiO2 particles possess a band gap of 2.7 eV, decreasing to 2.35 eV upon reduction.
The insertion of N atom into TiO2 lattices is reported to create a new inter-band state above
the valence band of TiO2 leading to the observed absorbance shift into the visible light
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region [165]. Since the absorbance edges of the prepared samples shifted into the visible
light region, we assigned surface modification, and the production of an amorphous layer
on the TiO2 particle results in changes in the band gap energy and visible light absorption
properties. The band gap energies calculated by Kubelka-Munk plots are summarized in
Table 5.

(a)

P25 TiO2
TiO2red 70
TiO2red 50
TiO2red 30

(b)

P25 TiO2
TiO2red 70
TiO2red 50
TiO2red 30

(c)

(d)

NFP- TiO2
NFP-TiO2red 70
NFP-TiO2red 50
NFP-TiO2red 30

NF-TiO2
NF-TiO2red 70
NF-TiO2red 50
NF-TiO2red 30

Figure 28. UV-Visible diffuse reflectance spectra of synthesized TiO2 materials. (a) P25
TiO2 series, (b) Kubelka-Munk plot for P25 TiO2 series, (c) NF-TiO2 series, and (d) NFPTiO2 series.

65

Table 5. Band gap of NaBH4 treated P25 TiO2, NF-TiO2, and NFP-TiO2 series and their
corresponding photo-excited absorption wavelength
Particles ΔE

λ (nm) Particles

(eV)

ΔE

λ (nm) Particles

(eV)

ΔE

λ (nm)

(eV)

P25 TiO2

3.10

400

NF-TiO2

2.10

590 NFP-TiO2

2.70

459

TiO2red 30

2.40

516

NF-TiO2red 30

1.43

867 NFP-TiO2red 30 2.51

494

TiO2red 50

2.30

540

NF-TiO2red 50

1.35

918 NFP-TiO2red 50 2.40

516

TiO2red 70

2.23

556

NF-TiO2red 70

1.30

953 NFP-TiO2red 70 2.35

527

Raman spectra of the TiO2 materials exhibited the characteristic bands
corresponding to Eg1, Bg1, Ag1, and Eg3 at 146, 396, 516, and 637 cm-1, respectively,
data are shown in Table 6, for the vibrational modes of the anatase phase of TiO2 [166].
Small shifts of the vibration mode were observed, as shown in Figure 29. The modest shift
is assigned to the surface disorder as a result of the amorphous layer over the TiO 2
nanoparticle (possible formation of oxygen vacancies or non-stoichiometry defects).
Amorphous surface layers can also lead to peak broadening. Oxygen vacancy promotes
the charge carrier separation and can potentially enhance the photocatalytic performance
[149].
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Table 6. Raman band position of synthesized TiO2 materials
P25 TiO2 (cm-1)

TiO2red 70 (cm-1)

TiO2red 50 (cm-1)

TiO2red 30 (cm-1)

Band

143

146

143

145

Eg1

396

394

395

397

Bg1

516

511

511

521

Ag1

637

634

634

636

Eg3

NF-TiO2

NF-TiO2red 70

NF-TiO2red 50

NF-TiO2red 30

Band

142

144

145

144

Eg1

393

393

392

393

Bg1

512

511

512

511

Ag1

635

634

633

633

Eg3

NFP-TiO2

NFP-TiO2red 70

NFP-TiO2red 50

NFP-TiO2red 30

Band

143

148

147

149

Eg1

393

390

390

391

Bg1

511

506

509

507

Ag1

636

630

634

633

Eg3

Figure 29. Raman spectrum of P25 TiO2 series showing a shift toward the visible region
as a function of reductive treatment time.
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3.4.5

Photocatalytic hydroxyl radicals (•OH) production
The production of the •OH adduct, 7HC, was monitored to assess the production of

•OH by the reduced TiO2 materials at different irradiation wavelengths. Figure 30 shows
the growth of fluorescence intensity of the hydroxyl radical adduct, 7HC, at 455 nm as a
function of irradiation time under 350 UV light in the presence of P25 TiO2, as a reference
for comparing different photo-catalysts. Control experiments in the dark and in the absence
of P25 TiO2 did not yield 7HC. The inset of Figure 30 shows the concentration of 7HC in
P25 TiO2 aqueous suspension as a function of irradiation time. Triplicate experiments yield
reproducibility to within 95 %. The yield of 7HC increased in a linear fashion initially and
reached a maximum at approximately 1.0 µM at 20 min of irradiation. Upon continued
irradiation, the production of 7HC gradually decreased because of the likely depletion of
coumarin, as well as the simultaneous formation and degradation of 7HC at higher
concentrations. The formation of 7HC followed pseudo-zero-order kinetics in accordance
with previous reports [154,157]. An apparent pseudo-zero-order rate constant (kapp) of 0.16
µM min-1 (R2 = 0.99) was determined under our experimental conditions. The observed
rate constant was different from the rate constant of 0.023 µM min-1 reported by Nagarajan
et al. [154] likely a result of differences in experimental conditions including starting
concentration, flux intensity, reactor design, etc. The concentration of 7HC (1.0 µM)
produced at 20 min was equivalent to [•OH] = 16.4 µM assuming trapping efficiency 6.1%
of total •OH [154,157].
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1.0
0.8
0.6
0.4
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0

5
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0
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475

525

575

625
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Figure 30. Change of fluorescence intensity observed at 455 nm during the irradiation of
P25 TiO2 suspended in a 125 µM COU aqueous solution. The catalyst load was 0.10g/L.
The plot of 7HC vs. irradiation time was shown in the inset. The irradiation of P25 TiO2
suspension was carried out at 350 nm.

3.4.6

Evaluation of the photocatalytic performance
The photocatalytic production of 7HC of the reduced TiO2 materials was carried

out under the same conditions employed for the baseline using P25 TiO2 irradiation at λ =
350, 419, and 450 nm. Significant amounts of •OH, quantitated on the basis of formation
of 7HC, were produced by reduced P25 TiO2 under UV (350 nm) irradiation shown in
Figure 31. The formation of 7HC by reduced TiO2red was slower than the reference P25
TiO2 and followed the order of TiO2red

30

> TiO2red

70

> TiO2red

50

. Under 350 nm, the

productions of hydroxyl radicals by reduced doped NF-TiO2 and NFP-TiO2 were
insignificant (Figure 32). No direct correlation was observed with the treatment time by
NaBH4, •OH production, and the band gap energies.
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[7HC], (µM)

1.2

0.8

0.4

P25 TiO2
TiO2 red 70
TiO2 red 50
TiO2 red 30

0.0
0

10
Time (min)

20

30

Figure 31. Production of 7HC by reduced P25 TiO2 photocatalysts under 350 nm
irradiation. Catalyst loading was 0.10g/L and [COU]0 = 125 µM.

0.10
NFP-TiO2
NFP-TiO2 red 70

0.08

[7HC] (µM)

NFP-TiO2 red 50
NFP-TiO2 red 30

0.06
0.04
0.02
0.00
0

15

30
Time (min)

45

60

Figure 32. Production of 7HC by NFP-TiO2 photocatalyst under 350 nm irradiation.
Catalyst loading was 0.10g/L, and [COU]0 = 125 µM.
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Visible light-activated photocatalysis has been reported to be effective for the degradation
of the organic pollutants [123,124,131,164]. The band gap of P25 TiO2 is 3.1 eV, and upon
reduction with NaBH4, the band gap energy decreases to 2.23 eV corresponding to light
absorption wavelengths ~ 556 nm. Using the calculated band gap for NF-TiO2 and NFPTiO2 series, shown in Table 5, reduced NF-TiO2red and NFP-TiO2red may be active in near
IR region and at ~ 500 nm, respectively. The photocatalytic production of 7HC in aqueous
suspension of the synthesized TiO2 materials under irradiation at 419 and 450 nm are
presented in Figure 33 - 34. For the quantitative estimation of their relative photocatalytic
activity, we calculated OH-index for each of the prepared samples using Equation 19 on
the basis of formation rate of 7HC correlated to the production of •OH for only the initial
10 minutes of reaction to avoid the possible degradation of 7HC. The calculated OHindexes are summarized in Table 7. Though the formation rate of •OH depends on various
factors, including phase structures, particle size, crystallinity, and surface defects, the
composition is an important factor in the photolytic activity of TiO2 materials. A graphical
comparison production of •OH at visible light is presented in Figure 35. In general, the
larger the OH-index, the higher the photocatalytic activity. The P25 TiO2 showed the
highest OH-index for UV activation compared to the reduced TiO2 materials. P25 TiO2 is
among the most active photocatalysts for the degradation of organic compounds initiated
by •OH radicals under UV irradiation. However, under the visible light region, P25 TiO2
did not show appreciable photoactivity. In the visible range, NaBH4 treated P25 TiO2,
TiO2red 70, TiO2red 50, and TiO2red 30 showed enhanced photocatalytic activity compared to
reference P25 TiO2. Though NFP co-doped TiO2 exhibited limited photocatalytic activity
under visible light, NaBH4 treatment did not make a difference in the performance.
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Figure 33. Production of 7HC by P25 TiO2 and the NFP-TiO2 series upon irradiation with
visible light centered at 419 nm. Catalyst loading was 0.10g/L and [COU]0 = 125 µM.
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Figure 34. Production of 7HC by P25 TiO2 and NF-TiO2 series upon irradiation at visible
light at 450 nm. Catalyst loading was 0.10g/L and [COU] = 125 µM.
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Table 7. Calculated OH-index of prepared TiO2 materials

Catalysts

OH-index
350 nm

419 nm

450 nm

P25 TiO2

100*

0.3

0.4

TiO2red 70

86

2.1

2.5

TiO2red 30

75

2.2

2.4

TiO2red 50

33

0.7

0.7

NF-TiO2

0.04

n/d

0.8

NF-TiO2red 70

0.03

n/d

0.9

NF-TiO2red 50

0.06

n/d

0.7

NF-TiO2red 30

0.05

n/d

0.6

NFP-TiO2

0.01

0.8

n/d

NFP-TiO2red 70

0.01

0.9

n/d

NFP-TiO2red 50

0.01

0.8

n/d

NFP-TiO2red 30

0.01

1.1

n/d

*

The data are reproducible with 5% of error on the basis of some triplicate runs. n/d
represents no photocatalytic experiment of respective material for this condition was
carried out.
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3
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Catalysts
Figure 35. Relative comparison of OH-index of various TiO2 based photocatalysts at
visible light. Error was ±5 % on the basis of select triplicate runs.

3.5

Conclusions
The visible light-activated reduced forms of TiO2 materials were prepared by a

simple solid-state thermo-physicochemical treatment using NaBH4. The materials were
subsequently characterized by XRD, HRTEM, EDXRF, UV-Visible, and Raman
spectrometry. Optical measurement suggested that physicochemical treatment can
modulate the band gap energy suitable properties for efficient photocatalytic activity.
Coumarin was used as a fluorescent probe to trap and measure the •OH generated in
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catalyst suspension under UV and visible light irradiation. The photocatalytic
performances of the synthesized reduced TiO2 materials were assessed by quantitative
measurement of hydroxyl radical production under the irradiation of UV and visible light.
Finally, the OH-index of a photocatalyst using the formation rate of hydroxyl radicals was
calculated to compare the relative photocatalytic activity of a photocatalyst. Though P25
TiO2 was found as the most active photocatalyst in the UV region, NaBH4 reduced forms
of TiO2 were identified as significantly active photocatalyst under visible irradiation.
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KINETICS AND MECHANISTIC INVESTIGATION OF
ULTRASONIC INDUCED DEGRADATION OF TRIS (2CHLOROETHYL) PHOSPHATE (TCEP)
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4.1

Abstract
The widespread use of hazardous organophosphate ester (OPE) flame retardants

has led to the contamination of groundwater and drinking water sources. Given the negative
impact of OPE on environmental and human health, there is a critical need to identify an
effective remediation process. We report herein that ultrasonic irradiation leads to
degradation of TCEP, a model organophosphate flame retardant, from aqueous solution.
Our results demonstrate the degradation of TCEP upon irradiation at 640 kHz in an oxygensaturated aqueous solution. The degradation follows pseudo-first-order kinetics with rate
constants varying from 0.09 to 0.02 min-1 depending on the initial concentrations ranging
from 3.1– 84 µM. The rate constant for the degradation decreases with increasing initial
TCEP concentration implying the process may be controlled by partitioning at the gasliquid interface during ultrasonic cavitation. The degradation also fits the LangmuirHinshelwood model suggesting the degradation occurs at the gas-liquid interface. Detailed
product studies using liquid chromatography orbitrap high-resolution mass spectrometry
show the mono and diester adducts of TCEP, specifically 2-chloroethyl dihydrogen
phosphate and bis (2-chloroethyl) hydrogen phosphate are the primary degradation
products. Mineralization of TCEP to chloride and phosphate was monitored by ion
chromatography over the extended irradiation time. Mass balances of 48 % and 32 % were
observed for chloride and phosphate, respectively, after six hours of treatment, while TCEP
has a half-life of less than one hour under our experimental conditions. Our results suggest
that sonolytic oxidation is a rapid and effective method for the degradation of TCEP from
aqueous solutions.
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4.2

Introduction
Organophosphate esters (OPEs) are used in a wide variety of consumer and

industrial products, including plastic, furniture, automobile, electronic cable, and electronic
equipment, to enhance their flame resistivity and thermo stability [9,10]. OPEs are
introduced as additives into finished products without any covalent bonding; thus, a
significant portion of OPEs can leach from the product matrix into the environment and
contaminate aquatic systems. The presence of organophosphorus esters (OPEs) in drinking
water sources, air, sediments, and even in biological matrixes is well documented
[9,10,14,82,167]. The molecules of OPEs are triesters of phosphoric acid and contain a PO bond, which is relatively resistive to hydrolysis compared to the P-S and P-F bonds
associated with the organophosphorus pesticides and chemical warfare agent. Because of
their limited reactivity, OPEs are quite persistent in the environment [91]. Unfortunately,
OPEs are often highly toxic and cause a variety of adverse health issues, including acute
to chronic neurological disorders, endocrine disruption, reproductive toxicity,
developmental delay, and hepatotoxicity [18–21]. The US-EPA included several
organophosphorus flame retardants in the list of Toxic Substance Control Act (TSCA) [81].
Recently, substantial interest and effort have been triggered in developing OPEs treatment
technologies. Conventional activated sludges treatment is not effective in decontaminating
organophosphate esters from water [13]. Although membrane filtration, reverse osmosis,
and activated carbon can trap OPEs from water either in a concentrated liquid or in a solid
matrix, these techniques require further treatment and often are cost-prohibitive [13,84–
86,168–170]. Degradation of organophosphorus esters has been reported in a couple of
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laboratory-scale studies [13,90–96]. Our recent studies on the TiO2 photocatalysis of tris
(2-chloroethyl) phosphate (TCEP) showed nearly complete mineralization into carbon
dioxide, water, chloride, and phosphate. We identified diester and monoester adducts of
TCEP using

31

P-NMR spectroscopy and proposed hydroxyl radical-mediated sequential

oxidation of alkyl chains of TCEP [51]. Ruan et al. also reported UV/H2O2 treatment of
tris (2-chloroethyl) phosphate (TCEP) in aqueous solution and showed its mineralization
into Cl-, PO43-, CO2, and H2O proposing the diester as an intermediate [94]. However,
UV/H2O2 treatment of effluent water leads to slow degradation and incomplete removal of
several halogenated organophosphorus flame retardants, including TCEP [96].
Ultrasonic irradiation offers a promising application for the decontamination of a
wide variety of hazardous organic pollutants and toxins from water and wastewater
[57,59,60]. The use of ultrasound in water treatment has a number of unique advantages
over the TiO2 photocatalysis and UV/H2O2. Ultrasonic irradiation can initiate oxidative and
pyrolytic degradation processes [59]. Such treatment does not require any chemical
additives and can effectively work on turbid and colored solutions as well as sludge.
Although the efficiency of conversion from electrical to acoustic energy is relatively low,
proper optimization of energy efficiency or dynamics of the reaction system, however, can
improve the application efficiency [57,69,70]. Exposure of ultrasonic irradiation in water
induces acoustic cavitation, a phenomenon involving the generation, growth, and violent
collapse of gas bubbles in water [71,72]. Soundwaves propagate through liquid water via
cycles of compression and rarefaction. In the rarefaction cycle, there is a formation of
microbubbles from the gas nuclei present in the solution. In the compression cycle, the
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volume of bubbles decreases dramatically because of increasing pressure in the
surrounding water. Thus, the bubble grows and contracts sequentially until the pressure
gradient overcomes the cavitation threshold leading to a violent bubble collapse. The
violent bubble collapse results in extreme temperatures (~ 5000K) and pressures (~ 500
atm) at the cavitational site, leading to thermal homolysis of water vapor into H• and HO•.
that is a key to advanced oxidation processes used for the water purification [71]. The
acoustic cavitation is often broken into three distinct zones; the hot spot with temperatures
reaching ~ 5000 K and pressure on the order of 500 atm, an interfacial region with 2000 K
and 300 atm, and bulk solution which can be maintained near ambient conditions [71,73].
A limited number of studies have been reported for the sonolytically induced
oxidation of organophosphorus compounds [92,171,172]. O’Shea et al. successfully
demonstrated the decomposition of dimethyl methylphosphonate (DMMP) and diethyl
methylphosphonate (DEMP) at 640 kHz into acetic acid, formic acid, oxalic acid,
methylphosphonic acid, phosphate ions and proposed a hydroxyl radical initiated oxidation
mechanism [92]. Although low molecular weight halogenated aldehydes, ketones, and
carboxylic acids, analogous to disinfection by-products are generated during the advanced
oxidation of halogenated organophosphate compounds, detailed product and mechanistic
investigation by ultrasonic irradiation, however, have yet to be reported. Herein, we report
the detailed kinetic and mechanistic studies of ultrasonic treatment of a model
organophosphate ester flame retardant, tris (2-chloroethyl) phosphate (TCEP). The
pyrolysis and hydroxyl radical-mediated oxidation partitioning among the different regions
of ultrasonic cavitation also have been discussed to figure out their relative roles on the
degradation of TCEP during the ultrasonic irradiation.
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4.3
4.3.1

Experimental section
Materials
Tris (2-chloroethyl) phosphate (TCEP), and triphenyl phosphate (TPhP) were

purchased from Aldrich Chemical Company. High purity GC grade dichloromethane
(DCM) was obtained from Fisher Scientific. Coumarin was purchased from MP
Biomedicals, LLC. Terephthalic acid was bought from the Alfa Aesar. Sodium carbonate
and sodium hydrogen carbonate were purchased from Fisher Scientific. The oxygen was
from Trigas of the highest purity available. Millipore water (18 MΩ∙cm) and volumetric
glassware were used for the preparation of all of the aqueous solutions.

4.3.2

Sonolytic experiment
An ultrasonic reactor UES 1.5-660 Pulsar (Ultrasonic Energy Systems Inc.) was

employed for all the sonolytic reactions. The reactor is equipped with an ultrasound
generator, a transducer, and a 550 mL cylinder-shaped glass vessel. Ultrasonic treatment
was carried out in a pulse mode with the frequency 640 kHz under the power amplitude of
650 W. Power density of the sonication was 10.2 W/cm2 with ultrasonic horn diameter of
9 cm. The ultrasound waves traveled through 5 cm of water and a 38 µm of polyethylene
film to reach the 500 mL solution inside the glass vessel with 9 cm diameter. In a typical
reaction, 500 mL of TCEP solution was transferred to the glass reaction vessel, the
transducer was attached, and the unit submerged in a 10-gallon ice-water bath maintained
at 7 ± 1 °C. All solutions were purged with oxygen gas for 15 min before exposure to
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ultrasonic irradiation. Samples of 5 mL of treated solution were withdrawn at specific time
intervals for analyses.

4.3.3

Gas chromatographic (GC) analysis of TCEP
A gas chromatograph (Hewlett-Packard 6890) equipped with a nitrogen–

phosphorus detector (NPD) was employed to analyze the TCEP concentration. The detailed
extraction procedure and the GC analytical method of TCEP are described elsewhere [51].
The extraction of TCEP from an ultrasonically treated solution was extracted with 5.0 mL
of dichloromethane (DCM) in a 40 mL extraction vial using triphenyl phosphate (TPhP)
as an internal standard. The same extraction procedure was followed in the preparation of
calibration standards for the GC-NPD analysis. Samples were injected manually to the GC
inlet setting up at 250 °C in splitless mode [82]. Chromatographic separation was carried
out on a DB-5 fused silica capillary column. The initial GC temperature was held at 40 °C
for 4 min and increased to 190 °C at 15 °C min-1 and then 10 °C min-1 to the final
temperature of 310 °C which was maintained for 4 min. Helium was used as a carrier gas.
The concentration of TCEP was determined using the characteristic retention time,
reference standard, and careful calibration of the NPD. The detector response was
calibrated against a series of standard TCEP aqueous solutions ranging from 1 - 100 µM
with TPhP internal standard yielding a correlation coefficient (R2) ≥ 0.99 (Figure 36).
Standards were run periodically to ensure accurate calibration of GC.
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Figure 36. GC-NPD calibration curve for the determination of TCEP concentration in
aqueous solution. TPhP was used as an internal standard.

4.3.4

Analysis of phosphate and chloride by ion chromatography (IC)
Phosphate (PO43-) and chloride (Cl-) released during ultrasonic treatment were

determined by ion chromatography (761 Compact IC Metrohm) incorporated with a
Metrosep A Supp 5 column and conductivity detector. The analyses were performed with
a buffer composed of 3.2 mM sodium carbonate and 1.0 mM sodium hydrogen carbonate
aqueous solution with a flow rate of 0.7 ml min-1. A solution of sulfuric acid (0.125 M)
with a flow rate of 2.0 mL min-1 was used to regenerate the column. An IC-conductivity
detector calibration curve, shown in Figure 37, was developed for the determination of
chloride and phosphate ions against a series of carefully prepared standard solutions for
both anions ranging from 0.01 mM to 0.50 mM. The correlation coefficient of the
calibration curve was ≥ 0.99.
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Figure 37. Ion chromatographic calibration curve for chloride and phosphate ions

4.3.5

Analysis of intermediates and byproducts
Identification of intermediates and/or transformation products of TCEP was carried

out by ultra-high-performance liquid chromatography coupled with an Orbitrap highresolution

mass

spectrometry

system

(UHPLC-Orbitrap-HRMS)

(Q

Exactive).

Chromatographic separation was performed employing a C-18 reverse phase column
(Hypersil Gold, 50 mm x 2.1 mm, 1.9 µm particle size, Thermo Scientific, USA) with a
mobile phase consisting of methanol (solvent A) and water with 5 mM ammonium formate
(solvent B) with a flow rate of 0.4 mL min-1. A gradient elution program was set as follows:
(0-1 min, 95% A) (1-12 min, 95 to 5 % A). The column was maintained at room
temperature. For mass analysis, an atmospheric pressure chemical ionization (APCI)
source was used in positive ionization mode with a mass scan range of 100-500
mass/charge ratio, 140,000 resolution power, and 5 ppm mass tolerance. The MS system
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operated under the condition of discharge current 5.0 μA, capillary temperature 300 °C,
sheath gas flow rate 40 L h-1, Aux gas flow rate 10 L h-1. As ultrasonic irradiation can
involve a variety of pyrolytic and radical-induced processes, degradation of TCEP can
produce a range of transformation products. Therefore, we used the small molecule
structure identification software, Compound Discoverer 3.0 (Thermo Scientific, USA), to
assist in the identification of the intermediates and degradation products.

4.4
4.4.1

Results and discussion
Ultrasound induced degradation kinetics of TCEP
Tris (2-chloroethyl) phosphate (TCEP) is readily degraded upon ultrasonic

irradiation at 640 kHz in an O2-saturated aqueous solution. The degradation of TCEP as a
function of treatment time is shown in Figure 38. More than 40 % of TCEP was eliminated
within the first 10 min of ultrasonic treatment. The rate of TCEP degradation decreases
upon continuous treatment. The observed decrease in the degradation rate is assigned to
the decrease of TCEP concentration and the presence of by-products that compete with
TCEP for the degradation pathways. The degradation is likely the result of pyrolysis, and
hydroxyl radical-mediated oxidation at the gas-liquid interface and the liquid bulk regions
[51,91,93]. Ultrasonic cavitation also leads to the degradation of volatile compounds at the
hot spot region and hydrophobic compounds in the interfacial regions. Given the relatively
low vapor pressure of TCEP, it is not expected to partition into the gas phase of the
cavitation site effectively.
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Figure 38. Ultrasonic induced degradation of TCEP at 640 kHz in O2-saturated aqueous
solution. [TCEP]0 = 3.2 µM, pH = 6.5, and the reproducibility was within 5 % on the basis
of representative triplicate runs.

The degradation kinetics of TCEP was studied over a range of initial concentrations from
3.1 -84 µM (Figure 39). The initial degradation rates for the sonolysis of TCEP were
determined at different concentrations and summarized in Table 8. The first 10-20 %
degradation was used to monitor the initial rates to minimize the effect of products on the
initial kinetic parameters. Results suggest that the extent of degradation decreases with the
increase of initial concentration. While concentration has been increased to around 25
times, the degradation rate only increases by six times. At low concentration, the
ultrasonically induced degradation of organic compounds is reported to follow pseudofirst-order kinetics [92,173,174]. Pseudo-first-order kinetics is represented by the equation,
[ln(Ct/C0) = -kt], where Ct and C0 refer to the concentrations of TCEP at time t, and the
start of the reaction, respectively and k represents rate constant. A linear relationship
between ln(Ct/C0) vs. t is consistent with this kinetic model. The pseudo-first-order kinetic
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plots of the TCEP degradation over the range of concentrations of 3.1-84 µM are presented
in Figure 40.
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Figure 39. Degradation of TCEP as a function of treatment time over the initial
concentrations of 3.1-84 µM at 640 kHz in the O2-saturated aqueous solution.

Results show that at each specific concentration, the degradation follows pseudo-first-order
kinetics. The rate constants (k) calculated from the slope of the straight line are also
summarized in Table 8. The observed first-order rate constant decreases by 5-fold when
the substrate concentration increases by nearly 25-fold. While the results for a given
concentration of TCEP are consistent with pseudo-first-order kinetics, the change in the
rate constant as a function of initial concentration suggests that the reaction kinetics is not
truly consistent with a simple pseudo-first-order reaction. The above kinetic behavior has
been observed for a variety of heterogeneous processes, where partition between reaction
zones can play a critical role as well as the mass transfer limitations of the target molecule
at the gas-liquid interface [92,173].
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Figure 40. Pseudo-first-order kinetics plots of TCEP over a range of initial concentration
3.1 - 84 μM upon ultrasonic treatment at 640 kHz in O2-saturated aqueous solution.

Table 8. Kinetic parameters for the ultrasonic oxidation of TCEP at 640 kHz in O2saturated aqueous solution
[TCEP]

Observed Initial

R2 value for

Pseudo-first-order rate

R2 value for

(µM)

rate r0 (µM min-1)

initial rate

constant k x 102 (min-1)

rate constant

3.1

0.26

0.96

9.5

0.99

8.5

0.57

0.99

7.6

0.99

23

1.16

0.97

5.0

0.97

44

1.33

0.98

3.1

0.99

84

1.66

0.98

2.1

0.99

4.4.2

Heterogeneous kinetic modeling
Ultrasonic mediated degradation can be viewed as a complex heterogeneous

process (Figure 41) involving hot spot gas phase where volatile compounds can partition
and undergo high-temperature pyrolysis, the gas-liquid interface where pyrolysis and
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hydroxyl radical-mediated transformation of hydrophobic type compounds can occur, and
the bulk phase where hydroxyl radical can diffuse to degrade compounds in the bulk
solution. While ultrasonic degradation of an organic compound is often ascribed to the
hydroxyl radical-mediated process, direct pyrolysis of the target compound, however, can
play a vital role in the degradation pathways. The extent and mechanism of the degradation
pathways are dependent on the partitioning of the target compounds into the three phases.

Liquid bulk solution

Substrate molecule

Gas-Liquid Interface
Hot spot
Gas phase
Cavitation site

Figure 41. Partitioning of TCEP molecules in the hot spot, gas-liquid interface, and bulk
liquid phase.

The TCEP has low vapor pressure, is non-ionic, and possesses hydrophobic
character caused by its aliphatic chain. Therefore, TCEP is unlikely to partition into hot
spots but likely to partition into the gas-phase interface and liquid bulk regions. The gasliquid interface at the cavitation site possesses high temperatures (>2000 K) and high
pressures (>300 atm) well above the supercritical points (680 K and 218 atm) of water.
Under such conditions, water exists as a supercritical state which exhibits hydrophobic

90

rather than the typical hydrophilic properties associated with water under ambient
circumstances. For the modeling of the degradation, the liquid-gas interface can be
considered a reaction surface where TCEP can partition between the interface and bulk
solution. To probe such partitioning and its effect on the degradation, we employed
Langmuir-Hinshelwood (L-H) heterogeneous kinetic model which assumes (1) all
interfacial sites are equivalent, (2) each molecule distributes uniformly and forms a
monolayer, (3) there is no interaction between adjacent molecules, and (4) the adsorption
and desorption processes are in equilibrium. The L-H model is represented in Equation
20, where r0 is the initial degradation rate, C0 is the initial concentration of substrate, kr is
the reactivity constant, and KLH is the apparent partition equilibrium constant.
Langmuir-Hinshelwood equation:

1⁄ = 1⁄
1
r0
k r K LH C0 + ⁄k r

(20)

The L-H experiments were conducted over a range of initial concentrations of 3.1 – 84 µM
at uniform reaction conditions. The resulting plots, shown in Figure 42 (R2 ≥ 0.98),
suggested that the ultrasonic degradation kinetics of TCEP is in good agreement with the
L-H type mechanism. The L-H kinetic parameters determined from the slope and intercept
of the L-H plot are kr = 2.08 µM min-1 and KLH = 0.0072 µM-1. The reactivity constant (kr)
and the partitioning equilibrium constant (KLH) are empirical values describing the
apparent reactivity and partitioning factor of target compounds into the gas-liquid interface.
Cui et al. reported the ultrasonic degradation of diphenhydramine (DPH) with the reactivity
constant of 1.96 μM min-1 and partitioning equilibrium constant of 0.06 μM-1 suggesting
that TCEP, compared to DPH, may exhibit higher reactivity but lesser partitioning at the
gas-liquid interface [173]. Enhanced reactivity and smaller partitioning values of TCEP in
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comparison with DPH could be attributed to its relatively lower hydrophobicity at the
molecular structure and non-aromaticity of TCEP.
5.0
4.0

y = 11.681x + 0.3784
R² = 0.9823

1/r0

3.0
2.0
1.0
0.0
0.00

0.07

0.14

0.21

0.28

0.35

1/C0
Figure 42. Langmuir-Hinshelwood kinetic plots for the ultrasonic degradation of TCEP at
640 kHz in O2 saturated aqueous solution of TCEP ([TCEP]0 = 3.1 μM – 84 μM).

4.4.3

Hydroxyl radical competition study
Ultrasonically induced degradation can occur by hydroxyl radical-mediated

oxidation and direct pyrolysis. Upon cavitation, hydroxyl radicals, formed from the
homolysis of water molecules, can partition among the hotspot gas phase (•OHG), gasliquid interface (•OHG-L), and bulk liquid solution (•OHL). Since TCEP has relatively low
vapor pressure, it is unlikely to partition to the gas-phase hot spot. A series of competition
experiments were conducted in the presence of specific hydroxyl radical scavengers for
evaluating the partitioning and the roles of pyrolysis and hydroxyl radicals (•OHG-L, and
•OHL) in the degradation process. Assessment of the individual contributions of hydroxyl
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radical and pyrolysis mediated degradation is important for understanding the partitioning
of TCEP and HO• within the cavitation regions. Selective quenching of hydroxyl radicals
from each region will help understand its role in the degradation and, by difference, reveal
the role of pyrolysis in the degradation process. The hydroxyl radical quencher,
terephthalic acid (TPA), -O2C-Ph-CO2-, is ionic and will reside preferentially in bulk liquid
solution. The addition of TPA will only quench the •OHL reaction pathways. Alternatively,
the HO• quencher, coumarin (COU), is a neutral organic compound that will reside
predominantly within the gas-liquid interface and thus effectively scavenge •OHG-L at the
interface and prevent HO• from diffusing to the bulk liquid (•OHL). With this in mind, if
•OHG-L radical is a major participant in the sonochemical degradation of TCEP, the reaction
would be significantly suppressed by the addition of COU. Pseudo-first order kinetic plots
obtained from scavenging experiments are shown in Figure 43. The rate constants and the
likely mechanisms of ultrasonic degradation of TCEP in the presence of the individual
hydroxyl radical scavengers are tabulated in Table 9. In the absence of •OH scavengers,
the rate constant for ultrasonically induced degradation of TCEP is 0.043 min-1. However,
the rate constant decreased by 0.06 min-1 in the presence of excess TPA, a •OHL scavenger,
suggesting hydroxyl radical present in the bulk region plays a minor role, approximately
14 %, in the degradation of TCEP.
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Figure 43. Effect of hydroxyl radical scavengers on the sonochemical degradation of
TCEP at 640 kHz in oxygenated aqueous solution. [COU]0 = 12 µM and [TPA]0 = 13 μM.

Table 9. Likely degradation pathways of ultrasonic treatment of TCEP in the presence of
different hydroxyl radical scavengers
Scavenged Pseudo-first-

TCEP + ))))

radical

order k (min-1)

none

0.043

Degradation pathways
Pyrolysis,

•OHG-L

and

•OHL

mediated degradation
TCEP + TPA + ))))

•OHL

0.037

86 % of degradation by pyrolysis
and •OHG-L together; nearly 14 %
of degradation by •OHL

TCEP + COU + )))) •OHG-L,

0.015

30 % of degradation is led by

•OHL

pyrolysis;
56% of degradation due •OHG-L
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The rate constant value, 0.015 min-1, observed for the degradation of TCEP in the presence
of coumarin, a scavenger of •OHG-L, and •OHL indicates pyrolysis is significant and
contributed to nearly 30 % of TCEP degradation during ultrasonic treatment. The presence
of coumarin decreases the degradation rate from 0.043 to 0.015 min-1 or by 0.028 min-1
indicating ~ 56 % of total degradation is a result of •OHG-L which is the major pathway in
the degradation process. The result provides convincing evidence that ultrasonic
degradation of TCEP is mediated by both interfacial hydroxyl radicals and pyrolysis.

4.4.4

Mineralization of TCEP
The sonochemical mineralization of TCEP was assessed by measuring the

production of PO43- and Cl-, as a function of irradiation time. The monitoring of phosphate,
chloride, and other small molecular ions was carried employing ion chromatography. Over
six hours of ultrasonic treatment, chloride recovery was 48 %, and phosphate recovery was
32 %, as shown in Figure 44. Although we observed sonolysis of TCEP is rapid, partial
phosphate and chloride mass balances observed upon extended irradiation indicate the
involvement of intermediate byproducts [107,108], Antonopoulou et al. reported an almost
complete mass balance of chloride ions, but 60 % for phosphorus during the TiO2
photocatalytic degradation of TCPP [93]. In addition to the chloride and phosphate, we
also identified a number of smaller molecular ions, including formate, and chloroacetate.
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Figure 44. Evolution of PO43- and Cl- ion upon ultrasonic treatment at 640 kHz in O2saturated aqueous solution of TCEP ([TCEP]0 = 93.5 μM).

4.4.5

Products studies
The mineralization products of TCEP are CO2, H2O, phosphate (PO43-), and

chloride (Cl-). We observed the ultrasonic degradation of TCEP yields 48 % of chloride
and 32 % phosphate ions upon extended irradiation time, indicating incomplete
mineralization. In an attempt to identify the intermediate products during ultrasonic
treatment, analyses of the reaction solution were carried out by high-resolution mass
spectrometry using an APCI source in full scan positive ion mode. After screening, three
intermediates, shown in Table 10, were identified, including C6H11Cl2O6P (Product A, m/z
280.9753), C4H9Cl2O4P (product B, m/z 222.9689), C2H6ClO4P (Product C, m/z
160.9770). The relative abundance of these potential intermediates is also illustrated in
Figure 45.
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Table 10. By-products/intermediates generated during the ultrasonic treatment of TCEP
with their exact mass and mass/charge (m/z) ratio in positive ionization mode

Product A
m/z 280.9753

TCEP
m/z 284.9617

Product B
m/z 222.9694

Product C
m/z 160.9770

Detector response x 106
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100
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Figure 45. Relative abundance of intermediate products during ultrasonic treatment of
TCEP ([TCEP]0 = 7.0 μM) in oxygenated aqueous solution.

4.4.6

Mechanistic consideration
A number of reaction mechanisms can be proposed to explain the formation of the

observed transformation products of TCEP. Hydroxyl radical (•OH) general reacts with
organic molecules by the three different mechanisms: hydrogen atom abstraction,
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electrophilic addition to the double bond, and electron transfer from an organic molecule.
Hydroxyl radical addition to the electron-rich system is typically faster than the proton
abstraction, and electron transfer is unlikely except for very electron-rich systems. TCEP
has two types of hydrogens, referred to as alpha (α) and beta (β) in the alkyl chain.
Hydroxyl radicals can abstract either hydrogen to make carbon-centered radicals, which
can propagate through radical chain processes and ultimately lead to mineralization.
Hydroxyl radical, although highly reactive, can exhibit some selective in the abstraction of
hydrogens. Morozov et al. reported that hydroxyl radical abstracted the hydrogen atom α
to oxygen preferentially over the hydrogen atom α to a halogen atom (analogous to β
hydrogen) in the halogenated-substituted ethanol [175]. On the basis of mechanistic studies
of related organophosphates, and our product studies, we proposed two probable
mechanisms involving hydroxyl radical abstraction of α and β-hydrogens of the alkyl chain
in TCEP.
In Figure 46, a β-hydrogen atom is abstracted by a hydroxyl radical from an ethyl
ester carbon leading to the formation of an alpha carbon-centered radical. Although the
hydrogen alpha to the oxygen atom is more reactive than beta position, the β-H abstraction
can also be a competing reaction pathway (minor). The β carbon-centered radical can
undergo further oxidation leading to the formation of alcohol, collapse to an aldehyde, and
further oxidation to the carboxylic acid. The reaction pathways can lead to the diester of
TCEP and acetic acid. In our study, the diester of TCEP and formate were observed, but
not acetic acid, which, if the present was below the detection limit.

98

a) β – hydrogen abstraction mechanism

Product A
Figure 46. Proposed hydroxyl radical-mediated degradation of TCEP via β-H abstraction
mechanism.

b) α – hydrogen abstraction mechanism

Product B

Product C
Figure 47. Proposed hydroxyl radical-mediated degradation of TCEP via α-H abstraction
mechanism.
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In Figure 47, hydroxyl radical abstracting α - H forms a carbon-centered radical,
which under further oxidation can result in the formation of an acetal, either by direct
reaction with another hydroxyl radical or by the addition of oxygen to form a peroxyl
radical. The dimerization of two peroxyl radicals, followed by extrusion of O2 via a Russell
mechanism, can also be used to explain the observed products [11]. Oxidation of the
remaining 2-chloroethoxy group yields 2-chloroethyl dihydrogen phosphate. Subsequent
hydroxyl radical-mediated oxidation can convert the diester adduct to monoester adduct
and, ultimately, to phosphate. The formation of di (2-chloroethyl) hydrogen phosphate,2chloroethyl dihydrogen phosphates, and chloroacetic acid are consistent with α-H
abstraction hydroxyl radical-mediated pathways [51].

4.5

Conclusions
We have shown the degradation kinetics of the tris (2-chloroethyl) phosphate

(TCEP) upon the ultrasonic irradiation in oxygen-saturated aqueous solution. Our results
indicate that ultrasonic irradiation leads to rapid degradation of TCEP at 640 kHz in
oxygenated aqueous solution. The degradation follows pseudo-first-order kinetics at a
specifically given concentration. Varying rate constant depending on initial concentration
indicated the partition of TCEP at the gas-liquid interface plays a prominent role in the
degradation. The degradation of TCEP is consistent with Langmuir-Hinshelwood kinetic
model, implying that degradation occurs at or near the gas-liquid interface during
cavitation. Mineralization of TCEP over extended hours of ultrasonic treatment yields
around 48 % chloride and 32 % of phosphate mass balance. Competition studies using
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hydroxyl radical scavengers reveal that the process is mediated by pyrolysis and hydroxyl
radical-mediated process. The mono and diester of TCEP are the primary products
identified by UPLC-Orbitrap-HRMS. These results suggest that ultrasonic oxidation will
be useful for the decontamination of Naled from aqueous solution.
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HYDROLYSIS AND ULTRASONIC INDUCED DEGRADATION
OF THE NALED: KINETICS, PRODUCTS AND
MECHANISTIC INVESTIGATION
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5.1

Abstract
The extensive application of the pesticide Naled (1,2-dibromo-2,2-dichloroethyl

dimethyl phosphate) for controlling mosquitoes harboring the Zika virus has increased the
urgency to understand its stability and fate in aqueous environments. Herein, we report the
hydrolysis and ultrasonic induced degradation of Naled in aqueous media. NMR
spectroscopic studies established the slow hydrolysis of Naled in non-buffered aqueous
solution at ambient temperature. The hydrolysis followed pseudo-first-order kinetics with
a rate constant of 0.0012 h-1 and a half-life of approximately 24 days. The rate of hydrolysis
of Naled increases at elevated temperature with half-life of 2.4 days to 1.4 hours at 80 °C.
The activation energy of Naled, calculated from the Arrhenius plot over the range of
temperatures 40 – 80 °C, was 19.1 kcal mole-1. The hydrolysis was pH dependent and
became exceedingly slow under acidic conditions and increased with pH in buffered
solution. The partial hydrolysis of Naled leads to a pair of diester products, 1,2-dibromo2,2-dichloroethyl phosphate, and dimethyl hydrogen phosphate. Subsequent hydrolysis
leads to the monoester, monomethyl phosphate. The product studies illustrate several
competing and/or sequential pathways are involved in the hydrolysis of Naled.
We also demonstrated ultrasonic irradiation leads to the rapid degradation of Naled.
in aqueous media. In general, ultrasonic irradiation leads to cavitation, producing elevated
temperatures which can lead to radical initiated decomposition of the target compound.
The ultrasonic induced degradation kinetics were monitored by GC-NPD demonstrating >
50 % of Naled ([Naled]0 ~ 30 µM) was degraded within half an hour upon ultrasonic
irradiation in oxygen-saturated aqueous solution at 7 (±1) °C temperature. The degradation
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follows pseudo-first-order kinetics with rate constants varying from 0.05 to 0.01 min-1
depending on the initial concentrations over the range of 39 – 309 µM. The rate constant
for the degradation decreases with increasing initial concentration of Naled implying that
the process may be controlled by partitioning at the gas-liquid interface. This kinetic
behavior is consistent with the Langmuir-Hinshelwood model, also suggesting oxidation
occurs at the gas-liquid interface. Mineralization of Naled to chloride, bromide, and
phosphate was monitored by IC under extended irradiation. Excellent mass balances were
observed for bromide, chloride, and dimethyl phosphate anions. High-resolution mass
spectrometry FT-ICR was used to identify the formation of 1,2-dibromo-2,2-dichloroethyl
phosphate, dimethyl phosphate (DMP), and monomethyl phosphate (MMP) as primary
intermediates during the ultrasonic treatment of Naled. These results suggest ultrasonic
treatment has promise for the remediation of Naled contaminated of aqueous solutions.

5.2

Introduction
Recently, Naled (1,2-dibromo-2,2-dichloroethyl dimethyl phosphate) has been

sprayed aerially for controlling adult mosquitoes harboring the Zika virus in the South
Florida Bay area [176,177]. This widespread application of Naled has raised a severe
concern over the potential impact of Naled on human health and the ecological
environment. The application of Naled in response to the Zika scare has led to a renewed
interest and public concerns about their stability and environmental fate. It is an active
ingredient of Dibrom concentrate used to kill a wide variety of insects such as adult
mosquitoes, black flies, and leaf-eating insects on a variety of fruits, vegetables, and nuts
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[178]. Approximately 70 % of Naled is used for mosquito control, and 30 % for agriculture,
food, and feed crops. Occasionally, Naled was also used following natural disasters to
control insect outbreaks, for example, in New Orleans after Hurricane Katrina, and in North
Carolina after Hurricane Florence [179,180]. In Puerto Rico, Naled is employed in an
attempt to control Dengue, a virus also carried by mosquitoes [178]. Naled is an
organophosphate insecticide manufactured by the bromination of recently banned
dichlorvos, an organophosphate pesticide [178]. Like other organophosphorus toxic
substances such as sarin, chemical warfare agents, and parathion, Naled inhibits the release
of cholinesterase, a key enzyme essential for the proper functioning of the nervous system
[178,181]. Exposure to Naled at low dose causes nausea and dizziness, while high doses
can affect the nervous system resulting in respiratory paralysis and even death. Naled is
linked to congenital disabilities and is very non-selective [182]. The death of millions of
honeybees in South Carolina because of the applications of Naled has been reported [183].
The broad spread applications of Naled has been banned in Europe since 2012 for safety
and health concerns [184].
Interestingly, there are very few studies available on the chemistry and
environmental fate of Naled [179,184]. In the aquatic environments, Naled is converted to
dichlorvos [179,184] with the half-life dependent on a number of environmental factors,
including humidity, light, and pH [179]. Under highly alkaline conditions, the half-life of
Naled is approximately 2 hours, and under mildly acidic condition, pH 5, the half-life
increases to 96 hours [181]. One study reported by Gan et al. claimed that Naled could be
convert by sulfur species to the highly toxic substance dichlorvos in aqueous solution
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[184]. Although Naled undergoes transformation in water, detailed studies are lacking.
Careful kinetic and product studies are crucial for the fundamental understanding required
to accurately identify intermediate products and predict their fate in the aqueous systems.
Given the strong influence of water quality on the rates of hydrolysis of Naled and the
potential formation of toxic by-products, careful product and kinetic studies are critical to
assess public health concerns. The primary purpose of this study is to evaluate the reactivity
of Naled in water along with the detailed identification of the products and key
intermediates formed during the hydrolysis. The kinetics of Naled hydrolysis at different
temperature and pH conditions are reported herein.
Our results demonstrated that in aqueous solution, Naled hydrolyses into the diester
adducts, 1,2-dibromo-2,2-dichloroethyl methyl phosphate (DDEMP), dimethyl phosphate
(DMP), monomethyl phosphate (MMP), with highly halogenated aliphatic by-products
[185]. The rate of Naled hydrolysis in non-buffered water can lead to extended residence
times and a half-life of nearly three weeks due to acidification of the solution from the
formation of acidic diester and monoester products. The hydrolysis of the phosphate diester
is slow compared to the parent compound [186,187]. Product studies and mass balance
measurements critical to ensure safe drinking water following contamination by Naled.
A number of water treatments can be considered to enhance the rate and overall
conversion of Naled to non-toxic products. Ultrasound induced degradation, an advanced
oxidation process (AOP), has been investigated for the treatment of a wide variety of
organic pollutants and toxins, including organophosphorus compounds [57,59,60,97].
Unlike the other AOPs, ultrasonic treatment does not require any chemical additives and
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can be effective in turbid solutions and slurries. Although conversion efficiency from
electrical to acoustic energy is relatively costly, proper optimization and dynamics of the
reaction system, however, can improve the application efficiency [57,69,70].
The chemical effect of ultrasound derives from a physical process called acoustic
cavitation. When the ultrasonic wave travels through liquid medium (water), the formation,
growth, and violet collapse of microbubbles are propagated. [71,72]. Extreme temperatures
and pressures (about 5000 K and 500 atm) during the violent bubble collapse at the
cavitation site, leading to thermal homolysis of water vapor into H• and •OH radicals,
which can subsequently transform pollutants and toxins in the solution[71]. The cavitation
site is often broken into three distinct zones; the hot spot with around 5000 K and 500 atm,
an interfacial region reaching of 2000 K and 300 atm, and a bulk solution that can be kept
near ambient conditions [71,73]. Thus, ultrasound irradiation creates a unique chemical
environment involving the extreme temperature and pressure that can lead the direct
pyrolysis as well as hydroxyl radical based oxidation to degrade a variety of problematic
organic compounds [59].
Therefore, we conducted kinetic and product studies for the ultrasonic induced
degradation of Naled in aqueous media. Results showed ultrasonic irradiation leads to rapid
degradation of Naled at 640 kHz in oxygenated aqueous solution. Experiments involving
hydroxyl radical scavengers suggested the degradation of Naled proceeds through both
pyrolytic and hydroxyl radical-mediated processes. Detailed product studies carried out by
ion chromatography and Fourier-Transform Ion Cyclotron Resonance mass spectrometry
(FT-ICR-MS) identified a number of phosphorus-containing byproducts.
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5.3
5.3.1

Hydrolysis of Naled: Products studies and mechanistic investigation
Experimental section

5.3.1.1 Materials
Naled [CAS 300-76-5] [1,2-dibromo-2,2-dichloroethyl dimethyl phosphate],
dimethyl phosphate, and triphenyl phosphate (TPhP) were purchased from Aldrich
Chemical Company. A mixture of di- and mono-methyl phosphate was purchased from
Tokyo Chemical Industry Co. Ltd. High purity GC grade dichloromethane (DCM) was
obtained from Fisher Scientific. Citric acid, sodium citrate, sodium carbonate, and sodium
hydrogen carbonate were purchased from Fisher Scientific. Millipore water (18 MΩ∙cm)
and volumetric glassware were used for the preparation of all of the aqueous solutions.

5.3.1.2 Hydrolysis experiment
Hydrolysis of Naled was investigated in distilled water (nominal solution pH = 6.5)
over a wide range of temperatures. In a typical reaction, Naled (2 μL) was dissolved into a
mixture of 0.5 mL of distilled water and 0.4 mL D2O to allow for monitoring by NMR.
Then 0.1 mL of triphenyl phosphate was added to the resulting solution and mixed
thoroughly using a magnetic stir bar of 1 hour. Finally, 0.7 mL of the reaction solution was
transferred into an NMR tube for NMR characterization. The degradation kinetics were
monitored by NMR at 25 °C one hour after preparation of the Naled solution by recording
1

H NMR spectra at specific time intervals. Time points for each spectrum is considered the

midpoint of ~ 4 min data acquisition time. To determine the effect of pH, hydrolysis
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experiments were carried out in buffer solutions ranging from acidic (pH = 3.1, 5.0) to
alkaline conditions (pH = 8.5, 9.7, and 10.5). Solution pH measurements were conducted
using the Mettler Toledo pH meter. Acidic hydrolysis was run in a citric acid/citrate buffer,
and alkaline hydrolysis was in carbonate/bicarbonate buffer. The effect of temperature on
the reaction of Naled hydrolysis was measured for 40 - 80 °C in non-buffered aqueous
solutions.

5.3.1.3 NMR spectroscopic analysis of Naled hydrolysis
Proton and phosphorus NMR (Bruker-Spectrospin 400 Ultrashield) was used to
monitor the concentration of Naled and for the identification of intermediate and final
products of hydrolysis. For kinetic measurements, 1H decoupled

31

P-NMR spectra

[abbreviated as 31P{H}-NMR] were recorded at specific time intervals, and for screening
and structural identification, 1H coupled

31

P-NMR spectra [31P-NMR] were obtained.

Comparison of NMR spectra of authentic samples was used to confirm the structure of the
reaction intermediates and final products [100]. The chemical shifts of

31

P{H}-NMR

spectra are reported in ppm with respect to the peak of 85 % H3PO4 as the chemical shift
reference. The concentrations of all compounds detected in the reaction mixture were
determined from the integration of the respective 31P{H}-NMR relative to the area of the
internal standard triphenyl phosphate.
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5.3.2

Results and discussion

5.3.2.1 Product studies of the Naled hydrolysis
The stacked plot of 31P{H}-NMR spectra for the hydrolysis of Naled recorded over
170 hours is shown in Figure 48. Results indicate that only 18 % of Naled is converted to
the corresponding products in the non-buffered aqueous solution. 31P{H}-NMR spectrum
(Figure 48) after 1 hour of hydrolysis shows Naled as a major component with two minor
components, while the

31

P{H}-NMR spectrum taken at 170 hours shows three peaks in

addition to Naled, indicating the formation of three different phosphorus-containing
products. The 1H coupled 31P-NMR spectra (Figure 49) and 1H spectra (Figure 50) were
also recorded for the identification of the products. A summary of the 31P-NMR and 1HNMR data for the hydrolysis reaction mixture are given in Table 11. The phosphoruscontaining products are identified as 1,2-dibromo-2,2-dichloroethyl methyl phosphate
(DDEMP), dimethyl phosphate (DMP), and monomethyl phosphate (MMP). While
dichlorvos has been reported as a degradation product of Naled was not detected under our
reaction conditions by NMR. If formed during our experiments, the concentration of
dichlorvos was below the instrument detection limit. The relative abundance of generated
products during the hydrolysis reaction is shown in Figure 51. Two carbon-containing
compounds, 1,2-dibromo-2,2-dichloro ethanol, and methanol were also identified during
Naled hydrolysis.
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A (Naled)
C (DMP)

B (DDEMP)

D (MMP)

170 h, Naled ~ 82%
124 h, Naled ~ 85%
100 h, Naled ~ 87%
50 h, Naled ~ 94%
25 h, Naled ~ 97%
8 h, Naled ~ 99%
1 h, Naled ~100%
ppm

Figure 48. 31P{H}-NMR spectra during the degradation reaction mixture of Naled in
H2O/D2O solution with starting pH 6.4 and concentration of Naled 3.2 µM.

A (Naled)

C (DMP)

D (MMP)

B (DDEMP)

Figure 49. 31P-NMR and 31P{H}-NMR spectra of the Naled hydrolysis in H2O/D2O
solution after 170 hours.
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B

A (Naled)

A

(DDEMP)
C
B
A

B

D

Figure 50. Water suppressed 1H NMR spectrum of Naled hydrolysis in H2O/D2O solution.

Table 11. Summary table of NMR data for the products generated during the hydrolysis of
Naled
31

Compound

P-NMR spectrum

(D2O, 126 MHz), δ in ppm
A (Naled)

H-NMR spectrum

(D2O, 400 MHz), δ in ppm

-3.0 (1P, doublet of septate, 3JP-He 3.9 (6H, d, 3JP-Hm 6.8 Hz);
6.9 Hz, 3JP-Hm 6.5 Hz)

B (DDEMP)

1

7.0 (1H, d, 3JP-He 6.5 Hz)

-2.7 (1P, dq, 3JP-He 6.9 Hz, 3JP-Hm 3.6 (3H, d, 3JP-Hm 6.8 Hz);
6.5 Hz)

6.7 (1H, d 3JP-He 6.5 Hz)

C (DMP)

2.9 (1P, septate, 3JP-Hm 6.5 Hz)

3.5 (6H, d, 3JP-Hm 6.8 Hz)

D (MMP)

1.4 (1P, q, 3JP-Hm 6.5 Hz)

3.5 (3H, d, 3JP-Hm 6.8 Hz)
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120
Naled

DDEMP

DMP

MMP

% of species

100
80
60
40
20
0
1

20

41
56 103 125
Reaction time (h)

170

Figure 51. Reaction profile of starting material and products for the hydrolysis of Naled in
H2O/D2O solution at ambient temperature.

5.3.2.2 Kinetics of the Naled hydrolysis
Hydrolysis of Naled follows pseudo-first-order kinetics presented by the equation,
[ln(Ct/C0) = -kt], where C0 is the concentration of the target compound at the start of the
reaction and Ct is the concentration at time t. k represents the rate constant of the reaction.
The linear relationship between ln(Ct/C0) vs. time illustrated in Figure 52 demonstrates the
hydrolysis of Naled follows pseudo-first-order kinetics. The values of the half-life of the
Naled in aqueous solution were calculated from the following equation t1/2 = ln2/k, where
t1/2 refers to half-life, and k is the pseudo-first-order rate constant. The rate constant (k)
calculated from the slope of the plot is 1.2 x 10-3 h-1 with a half-life of Naled is
approximately 24 days.
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0.00

ln (Ct/C0)

-0.05
-0.10
-0.15

y = -0.0012x
R² = 0.98

-0.20
-0.25
0

40

80
120
Reaction time (h)

160

Figure 52. Pseudo-first-order kinetic plot of the hydrolysis of Naled in H2O/D2O solution
at ambient temperature. [Naled]0 = 3.2 μM and starting pH was 6.5.

The hydrolysis kinetics of Naled was studied over a range of temperatures from
40 °C to 80 °C to understand the effect of temperature to determine the activation (Ea) on
the reactivity of Naled in water. The temperature-dependent pseudo-first-order kinetic plots
are presented in Figure 53. The half-life of Naled hydrolysis at a specific temperature was
calculated, and a summary included within the inset of Figure 53. The hydrolysis rate
increases with temperature. At 40 °C, the calculated half-life of Naled hydrolysis was 54
hours. At 80 °C, the half-life decreases to 1.4 hours. The Arrhenius equation shows the
reaction rate constant as a function of temperature. Arrhenius equation can be represented
by lnk = (-Ea/RT) + ln A where k is the reaction rate constant, and Ea is the activation
energy, R is gas constant, T is the temperature in Kelvin, A is a pre-exponential factor. The
activation energy (Ea) calculated from the slope of the linear plot of lnk vs. 1/T (Figure
54) was 19.1 kcal mole-1, indicating Naled may be stable in the environment depending on
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the condition such as pH of the solution. The reported activation energy of parathion is
21.5 kcal mole-1, quite similar to the activation energy of Naled [172].

0.0
-0.3

ln(Ct/C0)

Temp. (°C)

Half-life (h)

40
50
60
70
80

-0.6
-0.9

54
16
8.2
3.9
1.4

-1.2
0

5

10

15

20

25

Reaction time (h)

Figure 53. Hydrolysis of Naled as a function of temperature in non-buffered H2O/D2O
solution.
0
y = -9.6362x + 26.507
R² = 0.9919

-1

lnk

-2

-3
-4
-5
2.8

2.9

3.0
3.1
1/T (K) x 10-3

3.2

3.3

Figure 54. Arrhenius plot of the hydrolysis of Naled over a range of the temperature 40 80 °C at D2O/H2O solution. Standard deviation was ±8 on the basis of representative
triplicate runs.
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5.3.2.3 Effect of solution pH on the Naled hydrolysis
The hydrolysis of organophosphate compounds is dependent on the initial solution
pH [188]. The effect of solution pH on Naled hydrolysis was evaluated over a wide range
of buffer solutions from highly acidic (pH 3.0) to highly alkaline (pH 10.5) conditions.
Citric acid/citrate buffer was used to make the solution pH 3.1 and 5.0. For adjusting the
pH to 8.5, 9.7, and 10.4 for hydrolysis reaction, carbonate/bicarbonate buffer was
employed. Hydrolysis of Naled increases with pH, illustrated in Figure 55.
0.0
-0.4
pH
3.1
5.0
8.5
9.7
10.4

ln(Ct/C0)

-0.8
-1.2
-1.6

Half-life (h)
365
99
47
4.6
1.2

-2.0
0

6

12
18
24
Reaction Time (h)

30

36

Figure 55. Effect of initial solution pH on the hydrolysis of Naled in buffered H2O/D2O
aqueous solution.

Under modest acidic conditions (pH 3-5), the rate of degradation is relatively slow.
However, under highly basic pH, the hydrolysis rate of Naled increases significantly.
Maybe the different reaction mechanisms can contribute to the reduction of Naled
hydrolysis at acidic conditions. The hydrolysis of Naled is a bimolecular reaction [Naled +
HO- => hydrolysis products], and the rate of reaction depends on the concentration of OH-
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. Therefore, the raising of solution pH increases the concentration of OH- in reaction media
and hence increases the rate of the hydrolysis of Naled. The calculated half-life of Naled
at different pH levels presented in Figure 56 shows that while at high alkaline pH 10.4, the
half-life of Naled is 1.2 hours, at moderately acidic pH 3.1, it increases to 15 days.
420

Half-life (h)

360

300
240
180

120
60
0
3.1

5

8.5

9.7

10.4

pH
Figure 56. Effect of initial solution pH on the half-lives of Naled in buffered H2O/D2O
solution. [Naled]0 = 3.2 μM and standard deviation was ±8 % on the basis on representative
triplicate runs.

5.3.2.4 Mechanistic consideration
Hydrolysis may occur at a number of reactive centers in the triester of an
organophosphate molecule, depending on the nature of nucleophilic reagents and reaction
conditions. Barnard et al. [98] demonstrated that in neutral or acidic solution (H2O
nucleophile), the hydrolysis of trimethyl phosphate (TMP) is slow and undergoes carbonoxygen bond cleavage, whereas in alkaline solution (OH-) the reaction is relatively faster
and proceeds via phosphorus-oxygen bond cleavage as shown in Figure 57. However, both
cases, the product was diester, meaning that the subsequent hydrolysis of TMP did not
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proceed to monoester. Recently Su et al. reported the base-catalyzed hydrolysis of a
number of organophosphorus flame retardants and identified diesters phosphate as the end
products with no detection of monoester phosphates and suggested that hydrolysis proceeds
via a direct nucleophilic attack on the phosphorus atom resulting in the cleavage of the
phosphorus-oxygen bond [188]. Although our reaction conditions may not induce
reduction, a different mechanistic pathway reported by Gan et al. relevant to real aquatic
systems demonstrated that Naled is broken down into diester adducts dichlorvos in an
aquatic environment following a debromination mechanism in the presence of reduced
sulfur species, shown in Figure 58 [184,189].

Figure 57. Hydrolysis of trimethyl phosphate.

Figure 58. Debromination of Naled by nucleophilic debromination mechanism.

However, our exploration of product studies by NMR analysis showed the hydrolysis of
Naled resulted in the monoester MMP, in addition to the production of a variety of diester
phosphates such as DDEMP, and DMP. We also observed that hydrolysis of Naled is pH
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sensitive, and alkaline hydrolysis is much faster than the hydrolysis under neutral or acidic
conditions. On the basis of product studies as well as the kinetic observations, a number of
hydrolytic pathways for the Naled are proposed. Hydrolysis of Naled can occur via a
number of competing processes; nucleophilic addition/elimination reaction, SN2 reaction,
and elimination mechanism. Naled could be attacked by the nucleophile HO- at P atom in
an additional step, followed by the elimination of alkoxide group resulting in the generation
of diesters, as shown in Figure 59. Dimethyl phosphate (DMP) was the dominant product
in the case of the halogenated ethoxy leaving group (1,2-dibromo-2,2-dichloro ethoxide),
and 1,2-dibromo-2,2-dichloro ethyl methyl phosphate (DDEMP) is the hydrolysis product
then methoxy group is eliminated. Although DMP can be produced by an SN2 reaction
mechanism of Naled by reaction at the carbon center of the halogenated ethoxy group, the
pathway is expected to be inhibited by steric congestion Figure 60.

Figure 59. Proposed nucleophilic addition-elimination reaction during the hydrolysis of
Naled.

Figure 60. Nucleophilic substitution at ethyl carbon center of Naled leading to dimethyl
phosphate.
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Trimethyl phosphate or organophosphate flame retardants hydrolyzed into the diester
phosphate as end products, which tend to very unreactive toward further nucleophilic attack
[98,188,190]. Alkaline hydrolysis of tris (2-chloroethyl) phosphate (TCEP) also leads to
the formation of the corresponding diester adduct, bis (2-chloroethyl) phosphate [51].
Further attack addition-elimination can be inhibited by the presence of a negative charge
on nucleophile and the substrate molecule. Kirby et al. [186,191,192] showed that
depending on the nature of leaving groups and nucleophiles, diester can proceed to the
formation of monoester phosphate by one cleaving another P – alkoxy bond, showing in
Figure 61.

Figure 61. Proposed secondary nucleophilic addition/elimination pathways at the P atom
of the Naled diester product.

5.3.3

Conclusions
We have investigated the reactivity of Naled in aqueous solutions at a wide range

of temperatures and pH. The hydrolysis of Naled is fast at an alkaline solution, while it
turns into a slow process at an acidic solution. It follows pseudo-first-order kinetics with a
half-life ranging from few hours to a couple of weeks, depending on reaction condition.
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The temperature has a significant influence on the hydrolysis of Naled. Product studies
show that Naled dissipates into 1,2-dibromo-2,2-dichloroethyl phosphate, dimethyl
phosphate, and monomethyl phosphate via a number of reaction mechanisms, including
nucleophilic addition/elimination, and SN2 pathways.

5.4

Ultrasonic induced degradation of Naled: Kinetics and mechanistic
investigation

5.4.1

Experimental section

5.4.1.1 Sonolytic experiment
The Ultrasonic treatment of Naled was carried out in an ultrasonic reactor, UES 1.5
– 660 Pulsar (Ultrasonic Energy Systems Inc. Panama City, Florida) with pulse mode at
the frequency of 640 kHz and power amplitude of 650 W. The schematic diagram of reactor
equipped with an ultrasound generator, a transducer, and a 550 mL cylinder-shaped glass
vessel is illustrated in Figure 62. The Naled was treated as an aqueous solution and exposed
to ultrasonic irradiation at 1 hour later of the creation of the solution. The power density of
the sonication was 10.2 W/cm2 with a horn diameter of 9 cm. The reaction vessel was
placed 5 cm away from the face of the attached horn. Typically, 500 mL of Naled aqueous
solution was taken in a reaction container and was submerged in ice-bath maintained at 7
(±1) °C temperature. The reaction solutions were purged with oxygen gas for 15 min before
exposure to ultrasonic irradiation. An aliquot of 5 mL of treated solution was transferred
at specific time intervals for monitoring the concentration of Naled by GC-NPD.
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Distance (5 cm)

Water
Bath

Horn
(Diameter 9 cm)
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(Thickness 38 µm)

Ultrasound
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Figure 62. Schematic diagram of the experimental ultrasound setup. The diameter of the
sound horn 9 cm, frequency 640 kHz, power density 10.2 W/cm2, Volume of the reaction
glass vessel 550 mL

5.4.1.2 Analytical methods for the monitoring of Naled
Naled was extracted from ultrasonic irradiated aqueous solution using liquid-liquid
extraction and then analyzed by an established gas chromatographic method [82].
Extraction was carried out with dichloromethane (DCM) in a 40 mL extraction vial using
tris (2-chloroethyl) phosphate as an internal standard. Analysis of Naled was performed on
a Hewlett-Packard 6890 gas chromatograph equipped with a nitrogen-phosphorus detector
(NPD). The same extraction procedure was followed in the preparation of calibration
standards for the GC-NPD detector. Samples were injected manually into the GC inlet in
splitless mode and an injector temperature of 200 °C. Chromatographic separation was
carried out on a DB-5 fused silica capillary column [(5% phenyl) methyl polysiloxane, 0.32
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mm x 30 m x 25 µm]. The initial GC temperature was held at 40 °C for 4 min and increased
to 250 °C at 15 °C min-1 and held at 250 °C for 4 min. Helium was used as a carrier gas.
The detector response was calibrated against a series of standard Naled dichloromethane
solution ranging from 1 - 200 µM with the TCEP internal standard yielding a correlation
coefficient (R2) ≥ 0.99, shown in Figure 63. Standards were run periodically to ensure
accurate calibration of GC.

PA Naled/PA IStd

8
y = 0.0314x - 0.2234
R² = 0.9928

6

4

2

0
0

40

80
120
[Naled], (µM)

160

200

Figure 63. GC-NPD calibration curve for the determination of Naled using TCEP as an
internal standard. Data were reproducible within ± 5 % of the standard deviation.

5.4.1.3 Ion chromatographic (IC) product analysis
An ion chromatograph, 761 Compact IC Metrohm, equipped with a Metrosep A
Supp 5 column and conductivity detector was used to monitor the ions including bromide
(Br-), chloride (Cl-), dimethyl phosphate (DMP) and phosphate (PO43-) released during
ultrasonic treatment of Naled. A buffer solution composed of 3.2 mM sodium carbonate
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and 1.0 mM sodium hydrogen carbonate aqueous solution with a flow rate of 0.7 mL min1

was used for the analyses. The column was regenerated using a sulfuric acid solution

(0.125 M). The calibration curves (Figure 64) for the determination of bromide, chloride,
phosphate, and dimethyl phosphate ions were established using carefully prepared standard
solutions ranging from 0.01 to 0.58 mM. The correlation coefficient for the calibration
curve was ≥ 0.99.
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Figure 64. Ion chromatographic calibration curve for the determination of bromide,
chloride, dimethyl phosphate, and phosphate ions in aqueous solution.

5.4.1.4 Analysis of intermediates and byproducts
Identification of intermediates and byproducts yielded during the ultrasonic
treatment of Naled was carried out in using ultra-high-resolution mass spectrometry
conducted on a Bruker Solarix FT-ICR-MS instrument equipped with an electrospray
source operated under negative (-) ion mode. Samples were infused at 7 μL/min. Spectra
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were internally calibrated, allowing a mass error of < 1 ppm. The instrument was operated
under 4 MW mode with 20 co-added scans, with a mass range of m/z 53 - 700. Resolving
power was 140000 @ 400 m/z. Data were explored by interrogating common possible
pseudo-molecular ions of Naled as well as the anticipated degradation products, as
suggested by previous studies.

5.4.2

Results and discussion

5.4.2.1 Degradation kinetics of Naled by ultrasonic irradiation
The ultrasonic degradation of Naled was conducted at 640 kHz in an O2-saturated
aqueous solution maintained at (7 ± 1) °C temperature. The concentration of Naled at the
specific treatment time was monitored by GC-NPD. Control experiments run in the absence
of ultrasound showed no significant removal of Naled through the experimental process.
Ultrasonic irradiation leads to rapid degradation of Naled at 640 kHz in the O2-saturated
aqueous solution shown in Figure 65. Upon ultrasonic treatment, more than 50 % of Naled
was degraded within 20 min of treatment. The decrease of the rate of Naled degradation at
extended treatment is attributed to the decrease of Naled concentration and the increase of
by-product concentrations competing with Naled for the degradation pathways.
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Figure 65. Ultrasonic induced degradation of Naled at 640 kHz in O2-saturated aqueous
solution. [Naled]0 = 30 µM, and pH = 6.5, and the reproducibility was within ± 9 % on the
basis of representative triplicate runs.

To probe the kinetics of ultrasonic induced degradation of Naled, a range of initial
concentrations of Naled from 39 -309 µM were subjected to treatment. The degradation as
a function of initial concentrations and treatment times are illustrated in Figure 66. The
observed initial degradation rates determined using the first 10-20 % of Naled degradation
at different concentrations are summarized in Table 12. Only the first 10-20 % conversions
were used to minimize the competition from products on the initial kinetic parameters. The
results demonstrate the extent of degradation does not increase proportionally with
concentration, i.e., the degradation increases by only three times with a tenfold increase in
initial concentration.

126

100

[Naled] %

80
60
[Naled], μM
309
115
74
39

40
20
0
0

20

40
60
Time (min)

80

100

120

Figure 66. Degradation of Naled as a function of treatment time over the initial
concentration of 39-309 µM at 640 kHz in the O2-saturated aqueous solution.

Table 12. Kinetic parameters for the ultrasonic degradation of Naled at 640 kHz in O2saturated aqueous solution
[Naled]

Initial rate r0

R2 value

Pseudo-first-order rate

R2 value for

(µM)

(µM min-1)

for r0

constant k x 102 (min-1)

rate constant

39

1.5

0.91

4.7

0.92

74

1.9

0.95

2.8

0.95

115

2.3

0.98

2.2

0.99

309

4.1

0.99

1.4

0.98

Ultrasonic induced degradation of organics in aqueous media often consistent with
the pseudo-first-order kinetic model as described by ln(Ct/C0) = -kt] where Ct and C0 are
the concentrations of Naled at time t and at the start of the reaction, respectively and k
represents rate constant [92,173,174]. However, the adherence of ultrasonically induced
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degradation to the pseudo-first-order kinetic model is observed at a given concentration the
rate constant changes with concentration, thus indicated a more complicated process. The
plots of ln (Ct/C0) versus time (t) over the range of initial concentrations of 39 - 309 µM
are presented in Figure 67, and the rate constants (k) calculated from their slope are
summarized in Table 12.
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Figure 67. Pseudo-first-order kinetic plots of Naled over a range of initial concentration of
39 - 309 μM upon ultrasonic treatment at 640 kHz in O2-saturated aqueous solution.

Although the observed degradation is consistent with pseudo-first-order kinetics at each
specific concentration, the observed first-order rate constants change with concentration.
While the results establish that ultrasonic irradiation can lead to the rapid degradation of
Naled following the pseudo-first-order kinetics at each specific concertation, the variation
of rate constants over initial concentrations suggested more complex reaction kinetics than
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a simple first-order reaction. A number of studies reported a similar kind of kinetic
behavior and attributed the results with a variety of heterogeneous processes, where
partition between reaction zones plays a very prominent role as well as the limitation of
mass transfer of the target molecule at the gas-liquid interface [92,173].

5.4.2.2 Heterogeneous kinetic modeling
The ultrasonic induced degradation of organic compounds is a complex process,
and the chemical effect of ultrasound arises from acoustic cavitation. Cavitation, illustrated
in Figure 68, involves hot spot possessing extreme temperatures where volatile compounds
can partition and undergo high-temperature pyrolysis, the gas-liquid interface where
pyrolysis and hydroxyl radical-mediated transformation of hydrophobic type compounds
can occur, and the bulk solution maintained at near ambient conditions where hydroxyl
radical can diffuse to polar compounds. While ultrasonic treatment of organic compounds
can proceed through direct pyrolysis and hydroxyl radical-mediated oxidation, the degree
of the partition of target compounds among these phases are critical for the extent and
mechanism of the degradation. Naled is a non-ionic polar compound with relatively low
vapor pressure and possesses hydrophobic character because of its aliphatic chain. Thus,
Naled is likely to partition into the gas-phase interface and liquid bulk regions. Moreover,
water near the interface between the hot spot and bulk solution exists as a supercritical state
due to the high temperature and pressure of the interface and exhibits hydrophobic rather
than the hydrophilic properties associated with water under typical ambient circumstances.
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Figure 68. Partitioning of Naled molecules in the hot spot, gas-liquid interface, and bulk
liquid phase.

For understanding the partitioning of Naled and its effect on the degradation, we
employed the Langmuir-Hinshelwood (L-H) heterogeneous kinetic model. Although the
L-H model was developed for the gas-solid heterogeneous system, it is has been effectively
applied for the determination of apparent kinetic parameters in a variety of heterogeneous
systems [91,97] Ultrasonic induced degradation of Naled can be initiated by thermal
processes and/or involve hydroxyl radical at or near the gas-liquid interface; thus the
degradation of Naled as a function of concentration was fit to the L-H model. The liquidgas interface can be considered the reaction surface where Naled can partition between the
interface and bulk solution. The application of L-H model to such systems assumes a
homogenous reaction surface where (1) all sites are equivalent, (2) each site can
accommodate only one molecule, (3) interaction between adjacent molecules is
insignificant, and (4) the adsorption and desorption process is in pure equilibrium.
Equation 21 represents the L-H kinetic model where r0 is the initial degradation rate, C0
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is the initial concentration of substrate, kr is the reactivity constant, and KLH is the apparent
partition equilibrium constant.
1⁄ = 1⁄
1
r0
K LH k r C0 + ⁄k r

(21)

The L-H plots of 1/r0 versus 1/C0 for a range of initial concentrations of 39 – 309 µM at
uniform reaction conditions (Figure 69, R2 value ≥ 0.98) suggested that the ultrasonic
degradation kinetics of Naled is in good agreement with the L-H kinetic model.

1.2
y = 0.1872x + 0.2338
R² = 0.9428

1/rate

0.9
0.6
0.3
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1/[Naled]0, (µM-1) x 102
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Figure 69. Langmuir-Hinshelwood kinetic plots of the ultrasound-assisted degradation of
Naled at 640 kHz over a range of the initial concentration of 39 μM – 309 μM.

The partitioning equilibrium constant (KLH) and the reactivity constant (kr) determined
from the slope and intercept of the L-H plot are 0.004 µM-1 and kr = 4.28 µM min-1,
respectively. KLH and kr are the empirical values indicating the apparent reactivity and
partitioning factor of target compounds into the gas-liquid interface according to the L-H
model. Our recent report on the ultrasonic degradation of tris (2-chloroethyl) phosphate
(TCEP) with partitioning equilibrium constant 0.007 µM-1 and reactivity constant 2.08 µM
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min-1 suggests that Naled has more potential to show high reactivity but lower partitioning
to the gas-liquid interface when compared with TCEP. Literal interpretation of these kinetic
parameters suggests enhanced reactivity, but less partitioning into the interface are may be
to the relatively highly polar properties of Naled.

5.4.2.3 Scavenger study to assess the role of hydroxyl radicals
The ultrasonic degradation of organophosphate ester proceeds through both
pyrolytic induced processes and hydroxyl radical-mediated oxidation [193]. To further
explore the ultrasonically induced degradation pathways of Naled, different hydroxyl
radical scavengers were added into the reaction system before ultrasonic irradiation.
Hydroxyl radical formed from the homolysis of water molecules during cavitation can
partition among the hotspot gas phase (•OHG), gas-liquid interface (•OHG-L), and bulk
liquid solution (•OHL). Assessment of their roles is very critical for elucidating the
degradation pathways. Since Naled is a nonvolatile polar compound, it is unlikely to
partition at the gas-phase hot spot, but given its aliphatic side groups, Naled could partition
to the hydrophobic gas-liquid interface. A competition experiment was run in the presence
of hydroxyl radical scavengers, non-polar coumarin (COU) for evaluating the roles of
•OHG-L, and •OHL hydroxyl radicals in the degradation process. Quenching the •OH from
reaction media not only will help understand its role in the degradation but by deduction
also reveal the role of pyrolysis in the degradation process. COU is a neutral organic
compound, will reside predominantly within the gas-liquid interface and can scavenge
•OHG-L at the interface and also prevent the accumulation of hydroxyl radical near the
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interface (•OHL). If •OHG-L radical is a major participant in the ultrasonically induced
degradation of Naled, the reaction would be significantly suppressed by the addition of
COU. Pseudo-first-order kinetic plots obtained from scavenging experiments are shown in
Figure 70. The rate constants in the presence of the individual hydroxyl radical scavengers,
along with their respective likely degradation pathways are summarized in Table 13.
0.0

ln (Ct/C0)

-0.2
-0.4
-0.6
-0.8
0

5

10
15
Time (min)

20

25

Figure 70. Effect of hydroxyl radical scavengers on the sonochemical degradation of Naled
at 640 kHz in oxygenated aqueous solution.

Table 13. Likely degradation pathways of ultrasonic treatment of Naled in the presence of
different hydroxyl radical scavengers
Reaction type

k (min-1)

Scavenged
radical

100 µM Naled + ))))

Likely degradation
pathways

-

0.031

Pyrolysis, •OHG-L and •OHL
mediated degradation

50 µM Naled + 50 µM

•OHG-L, •OHL

0.009

COU + ))))
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Pyrolysis

While the rate constant for ultrasonically induced degradation of Naled was 0.031
min-1, the addition of excess coumarin in the solution before the ultrasonic irradiation
decreased the rate constant by 0.022 min-1 suggesting that hydroxyl radical plays a
predominant role in the degradation. The rate constant 0.009 min-1 observed for the
degradation of Naled in the presence of coumarin indicates that pyrolysis also plays a
significant role, ~ 27 %, in the degradation process. The result provides convincing
evidence that ultrasonic degradation of Naled proceeds via both interfacial hydroxyl
radical-mediated oxidation as well as pyrolytic pathways.

5.4.2.4 Ion chromatographic product studies
The production of small organic molecules and mineralized products, including
bromide, chloride, and phosphate during the sonochemical treatment of Naled, was
monitored by ion chromatography. Figure 71 shows a typical ion chromatogram of
sonolytically treated solution taken at extended 4 hours of irradiation time. Results
suggested ultrasonic treatment transforms Naled into a number of phosphorus-containing
compounds dimethyl phosphate (DMP), monomethyl phosphate (MMP), as well as
bromide (Br-), chloride (Cl-), and phosphate (PO43-) and formate ions. Ion chromatographic
product identification is performed by comparing the retention time of standard compounds
during the chromatographic run in the same condition. The recovery of ions as a function
of irradiation time was demonstrated in Figure 72. Over the six hours of extended
ultrasonic treatment, although the recovery of chloride and bromide, was closer to 100 %,
the recovery of phosphate, however, was around 20 %.
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Figure 71. Ion chromatogram of the ultrasonic treated solution of Naled at 240 min.
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Figure 72. Evolution of Br-, Cl-, DMP, Formate, and PO43- as a function of treatment time
during the ultrasonic irradiation of Naled at 640 kHz in O2-saturated aqueous solution.
[Naled]0 = 0.098 mM.
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Although we observed the sonolysis of Naled is rapid, partial phosphate recovery observed
upon extended irradiation indicates the presence of phosphorus-containing byproducts
[107,108]. The mass balance on the basis of the recovery of dimethyl phosphate was nearly
90 %, with a significant portion of DMP observed at the beginning of the reaction,
confirming the hydrolysis of Naled reported above. Accumulation of formate ions during
the treatment time demonstrates incomplete mineralization. Antonopoulou et al. reported
an almost complete mass balance of chloride ions, a phosphorus mass balance of only 60 %
was reported during the TiO2 photocatalytic degradation of TCPP [93]. Because of the
unavailability of pure monomethyl phosphate, we did not quantify the recovery of
monomethyl phosphate.

5.4.2.5 Mass spectrometric products studies
Although the mass balance for chloride and bromide in the ultrasonic degradation
of Naled is nearly 100 %, the recovery of only ~ 20 % of phosphate ions upon extended
irradiation suggested incomplete mineralization. To identify the potential intermediates or
byproducts during ultrasonic treatment, we employed Fourier-Transform Ion Cyclotron
Resonance mass spectrometry (FT-ICR-MS) with electrospray ionization negative ion
mode. After screening with mass spectrometric data, three intermediates were identified,
including 1,2-dibromo-2,2-dichloroethyl methyl phosphate (DDEMP) with m/z 362.7596,
dimethyl phosphate (DMP) with m/z 125.0009, and monomethyl phosphate (MMP) with
m/z 110.9853, shown in Table 14. However, the hydrolysis of Naled reported above also
demonstrated that Naled decomposes to DDEMP, DMP, and MMP in water [185].
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Table 14. Identified by-products/intermediates generated during the ultrasonic treatment
of Naled with their exact mass and mass/charge (m/z) ratio in negative ionization mode

Naled
m/z 376.7819

DDEMP

DMP
m/z 125.0009

m/z 362.7596

MMP
m/z 110.9853

5.4.2.6 Mechanistic consideration
Scavenger experiments established that hydroxyl radical (•OH) is the predominant
species responsible for the ultrasonically induced degradation of Naled. •OH reacts with
an organic molecule via one of the three different reaction pathways: hydrogen atom
abstraction, electrophilic addition to a double bond, and electron transfer [56,171]. We
outlined two degradation pathways to explain the products observed during the treatment
of Naled. Naled has two types of hydrogen, specifically methyl hydrogens (1°) and ethyl
hydrogen (3 ° type). Hydroxyl radicals can abstract either hydrogen to make carbon center
free radical, while the 3° type is generally more reactive than the 1° hydrogen, the 1:1 ratio
statistically favors the methyl hydrogen abstraction pathway. In the presence of molecular
oxygen, these carbon-centered radicals can participate in radical chain oxidation processes,
which can ultimately lead the fragmentation and mineralization. Following previous
mechanistic studies of related organophosphates [51], we proposed two mechanisms on
the basis of the hydroxyl radical abstraction of hydrogen of the alkyl chain of Naled to
explain the formation of the observed products.
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In pathway A (Figure 73), hydroxyl radical abstraction of the 3 ° hydrogen atom of
the ethyl group yields a carbon-centered free radical which can undergo further
transformation leading to the formation of an acetal, either by direct reaction with another
hydroxyl radical or by the addition of oxygen to form a peroxyl radical and subsequent
collapse. The dimerization of two peroxyl radicals, followed by extrusion of O2 via a
Russell mechanism, can also be used to explain the observed products dimethyl phosphate
and monomethyl phosphate [11].
A) Abstraction of hydrogen from ethyl group of Naled

(MMP)

(DMP)

B) Abstraction of hydrogen from the methyl group of Naled

(DDEMP)
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C) Secondary oxidation of byproducts

Figure 73. Proposed hydroxyl radical-mediated degradation via hydrogen abstraction
mechanism.
In pathway B (Figure 73), a hydrogen atom is abstracted by a hydroxyl radical from
the methyl group leading to the formation of a carbon-centered radical. The resulting
carbon-centered radical can undergo further oxidation leading to the formation of a
compound by a substitution reaction with another hydroxyl radical. Then rearrangement
leads to the formation of the carbonyl compound. The resulting carbonyl compound can be
further oxidized to the carboxylic acid and ultimately lead to DDEMP, a diester of Naled.
Subsequent hydroxyl radical-mediated oxidation of highly halogenated carboxylic
compounds leads to the formation of formate, bromide, and chloride ions, shown in
pathway C (Figure 73).

5.4.3

Conclusions
We demonstrated the detailed kinetics and mechanistic studies of ultrasonic

induced treatment of Naled in an oxygen-saturated aqueous solution. The results indicate
that ultrasonic irradiation leads to rapid degradation of Naled at 640 kHz in oxygenated
aqueous solution. The degradation follows pseudo-first-order kinetics at a specifically
given concentration. Variation of rate constants depending on initial concentration

139

indicated the partition of Naled at the gas-liquid interface plays a prominent role in the
degradation. The degradation of Naled is consistent with Langmuir-Hinshelwood kinetic
model, implying that degradation occurs at or near the gas-liquid interface during
cavitation. While the mass balance for chloride and bromides was nearly 100 %, the
recovery of 20 % phosphate suggested incomplete mineralization of Naled upon extended
hours of ultrasonic treatment. Competition studies using hydroxyl radical scavengers
reveal that the process is mediated by pyrolysis and hydroxyl radical-mediated process.
The mono and diester of Naled are the primary products identified by ion chromatography
and FT-ICR-HRMS. These results suggest that ultrasonic oxidation will be useful for the
decontamination of Naled from aqueous solution.
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ULTRASONIC REMEDIATION OF EMERGING
PERFLUOROALKYL SUBSTANCES (PFAS)
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6.1

Abstract
The presence of poly- and perfluoroalkyl substances (PFASs) in drinking water

sources is a serious threat to the environment and human health. These compounds are
incredibly persistent and have severe negative biological impacts. The remediations of
PFASs by conventional methods are mostly ineffective because of the extreme stability of
PFASs. The removal of PFASs by adsorption is also difficult because of their design with
anti-stick properties. We have demonstrated that a variety of legacy and emerging PFASs
can be readily degraded by ultrasonic irradiation at 640 kHz. Perfluorobutanoic acid
(PFBA),

perfluoropentanoic

acid

(PFPA),

perfluoroheptanoic

acid

(PFHpA),

perfluorooctanoic acid (PFOA), perfluoro-2-propoxypropanoic acid (GenX), and
perfluoro-4-methoxybutanoic acid (PFMeoBA) are transformed to fluoride ions in fairly
good yields under treatment by ultrasonic irradiation. The fluoride mass balance from
PFBA after three hours of treatment was 50 %, while nearly 75 % mineralization to fluoride
was achieved for GenX, PFMeoBA, PFPA, PFHpA, and PFOA. Ion chromatographic
analysis of treated GenX revealed the production of formate ion. Detailed product studies
of GenX were performed using an UHPLC-Orbitrap-HRMS followed by the Compound
Discoverer (CD) software. Product studies suggest minor intermediate products,
specifically 2H,2-perfluoropropoxypropanoic acid, and 2,3-dihydroxyperfluoropropanoic
acid, are formed during the sonolysis of GenX. While ultrasonic induced degradation is
initiated through a cavitation process and often dependent on hydroxyl radical production,
the addition of hydroxyl radical scavengers, coumarin, terephthalic acid, and t-butyl
alcohol showed no significant effect on the rates of GenX degradation. Our results clearly
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demonstrate that the ultrasonically induced degradation of GenX proceeds through
pyrolysis and oxidation plays an insignificant role in the degradation. Scavenger
experiments also confirmed that the production of fluoride ions does not depend on OH
radicals. We propose that the PFAS compounds partition to the gas-liquid interfacial region
and undergo extensive pyrolysis leading to conversion to fluoride ion. The obtained results
suggest that sonolytic induced degradation is a promising method for the remediation of
PFASs from water.

6.2

Introduction
Poly- and Perfluoroalkyl substances (PFASs) refer to wide variety of anthropogenic

chemicals with highly fluorinated alkyl backbones [22,23]. A number of select PFASs
studied in this work are given in Table 15. These compounds are used for a wide range of
applications, and incredibly persistent. Given their widespread use, PFASs get into the
environment through a variety of ways, including the application of firefighting foam at
airport and military sites and improper disposal of manufacturing waste. [23]. PFASs
generally contain poly- or perfluorinated alkyl chain and a polar head group, thus making
them both hydrophobic and hydrophilic [7,22]. PFASs are used in a variety of applications,
including in the nonstick surface, water-, grease-, and stain-repellants and aqueous filmforming firefighting foam for military bases and airport facilities [7,23]. By design, these
compounds have incredible stability due to the strong carbon-fluorine single bonds. PFASs
are resistant to environmental and biological degradation and have recently been referred
to as forever chemicals [24,67].
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Table 15. Name and structure of a number of select perfluoroalkyl substances (PFASs)
PFAS name

PFAS structure

Trifluoroacetic acid (TFA)
Perfluorobutanoic acid (PFBA)

Perfluoropentanoic acid (PFPA)

Perfluoroheptanoic acid (PFHpA)

Perfluorooctanoic acid (PFOA)

Perfluoro-5-oxahexanoic acid (PFMeoBA)
Perfluoro-2-methyl-3-oxahexanoic acid
(GenX)

The presence of PFAS in drinking water sources, humans, wildlife, and the
environment is well documented [7,26,28,29,194]. Exposure to these chemicals is linked
to a broad spectrum of serious health effects, including liver, kidney, and bladder cancer,
thyroid disease, infertility, and developmental delays [30,32–35]. In response to their
extreme persistence and adverse health effects, the US-EPA restricted the production of
legacy Perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) with the
adoption of a maximum health advisory limit for PFOA and PFOS in drinking water of 70
ng/L [7]. As a replacement for legacy PFASs, DuPont introduced perfluoro 2-
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propoxypropionic acid, known as GenX, in 2009 for the manufacture of fluoropolymer
coatings for stain-resistant carpeting and waterproof clothing [7]. Given the ether
functionality and decrease the hydrophobic character of GenX, it was forecasted to less
toxic and less persistent than the legacy PFASs. However, GenX has been recently detected
in drinking water, raising concerns about the impact on the environment and human health
[27,37]. The presence of GenX in drinking water sources in North Carolina has resulted in
a state-wide health advisory level for GenX [38].
Conventional adsorption methods are employed for the removal of a wide variety
of pollutants from the drinking water sources. Traditional physical separation techniques,
including granular activated carbon (GAC), anion exchange resin, and high-pressure
filtration, have been reported for removal of PFASs from drinking water [61–67].
However, these methods are only effective for a small number of PFASs, limited in their
capacity, often require long contact times, and ultimately result in a contaminated solid or
concentrated liquid, eventually requiring additional treatment. GAC and ion-exchange
resin can also require frequent maintenance and/or replacement [67]. Moreover, these
physical methods are, in general, not suitable for the removal of perfluoroether carboxylic
acids (PFECAs) [27,195]. Sedimentation, ozonation, biofiltration, and disinfection
processes show insignificant removal of 7 PFECAs from drinking water sources [27].
GenX, the most notorious of the PFECAs, exhibits weak absorption compared to PFOA on
powder activated carbon [27].
Advanced oxidation technologies (AOTs), which rely on hydroxyl radicalmediated oxidation processes, are among the most applicable water treatment methods for
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the degradation of toxins/pollutants [6]. TiO2 photocatalysis, an AOT, was been reported
effective for the destruction of a large number of organic compounds [49,51,196].
However, PFASs appear to be highly resistant to TiO2 photocatalysis [197]. While
activated sulfate has been applied for in situ remediations of PFAS from groundwater, it is
typically slow and ineffective for PFOS and other perfluoroalkyl sulphonic acids [27,198].
Although there are remarkably few proven remediation methods for PFASs, Bentel et al.
recently

demonstrated

effective

defluorination

for

a

significant

number

of

perfluorocarboxylates (PFCAs) and polyfluorodicarboxylates (PFDCAs) by 254 nm
photochemical generation of the hydrated electron from sulfite [199]. They reported
stepwise de-fluorination via a reductive elimination by the addition of the hydrated
electron, followed by the elimination of fluoride ion. While PFCAs, PFDCAs, and
perfluorosulfonate lead to reductive defluorination by the hydrated electron, however,
perfluorosulfonate and perfluorotelomer are resistant to this process. Bao et al. reported
the degradation of GenX by hydrated electron generated in the UV/sulfite system and
identified perfluoropropanoic acid and trifluoroacetic acid as stable intermediates [200].
Ultrasonic induced degradation of a wide variety of pollutants and toxins has been
demonstrated over the past couple of decades [59,71]. While the conversion factor of
electrical to acoustic energy is relatively low [70], proper optimization for energy
efficiency or dynamics of reaction systems, however, can be used to improve the economic
feasibility [69,201]. Unlike the photocatalysis and UV/peroxide, the ultrasonic process
requires no chemical additives and can be effectively utilized in turbid solutions and
sludge. Ultrasonic irradiation can be used for both disinfection and remediation of chemical
toxins in treating drinking water. Unique to ultrasonic treatment is the initiation of both
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pyrolytic and hydroxyl radical initiated oxidation pathways [68,71]. The transmission of
ultrasonic waves through a liquid can induce acoustic cavitation and create resonating gas
bubbles. At specific frequencies, a significant pressure differential is created between the
inside and outside of the bubbles. Ultimately this pressure differential leads to a violent
bubble collapse producing extreme temperatures and pressures. The cavitation process is
often broken into three distinct reaction zones; a hot spot with temperatures to 5000 K and
pressures to 500 atm, an interfacial region reaching 2000 K and 300 atm, and a bulk
solution which can be kept near ambient conditions [71,78]. The hot-spot is dominated by
pyrolysis of the solvent and volatile target compounds. In aqueous media, thermal
pyrolysis of water vapor yields H• and •OH radicals, keys to degradation by advanced
oxidation processes. There are only a few studies reported the ultrasonic treatment of PFAS
[77,79,202]. Moriwaki et al. reported that ultrasonic treatment PFOS and PFOA could lead
to the formation of lower PFCAs [79]. However, their study was limited to PFOA and
PFOS without discussion or investigation of degradation pathways. Vecitis et al.
successfully demonstrated the complete mineralization of PFOS and PFOA compounds
into inorganic ions and identified a number intermediates en route to mineralization to
fluoride ions [78,202].
In this study, we showed for the first-time effective degradation of low molecular
weight and ether-based emerging PFASs. The compounds include perfluorobutanoic acid
(PFBA),

perfluoropentanoic

acid

(PFPA),

perfluoroheptanoic

acid

(PFHA),

perfluorooctanoic acid (PFOA), perfluoro-2-propoxypropanoic acid (GenX), and
perfluoro-4-methoxybutanoic acid (PFMeoBA). Our studies demonstrate ultrasonic
irradiation at 640 kHz can effectively degrade legacy, low molecular weight, and
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representative ether-based PFASs, including PFBA, PFPA, PFHpA, PFOA, GenX, and
PFMeoBA. Detailed kinetic and product studies of the sonolytic degradation of GenX were
carried out to better understand the reaction pathways and degradation mechanisms.
Assessment of the degradation kinetics in the presence of carefully chosen hydroxyl radical
scavenger demonstrated pyrolysis is the predominant or exclusive degradation process
during the ultrasonic treatment of GenX. Using the experimental results, we proposed
thermal-induced C-C bond homolysis, followed by β-secession and hydrolysis reaction
pathways leading to the effective conversion of GenX to fluoride. Our results demonstrate
that ultrasonic induced degradation is a promising technique for the remediation of PFASs
from aqueous media.

6.3
6.3.1

Experimental section
Materials
Perfluorobutanoic

acid

(PFBA),

perfluoropentanoic

acid

(PFPA),

perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA) were purchased from
Sigma-Aldrich. Perfluoro-2-propoxypropanoic acid (GenX) was purchased from AlfaAesar and perfluoro-4-methoxybutanoic acid (PFMeoBA) from Synquest Labs. Methanol
(LC-MS grade) and ammonium acetate were obtained from Fisher Scientific. The argon
gas was from Trigas of the highest purity available. Millipore water (18 MΩ∙cm) and
volumetric glassware were used for the preparation of all of the aqueous solutions.
Glasswares were baked and rinsed with solvents before use to avoid contamination.
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6.3.2

Sonolytic experiment
All the sonolytic reactions were carried out in an Ultrasonic Energy Systems 15-

660 sonolytic reactor equipped with an ultrasound generator, a horn, and a 550 mL cylinder
glass reaction vessel. The detailed sonolytic experiment has been described elsewhere
[203]. In a typical reaction, 500 mL of PFAS solution was transferred to the reaction vessel.
The reaction vessel and attached horn were submerged within in a 10-gallon ice-water bath.
Throughout the experiments, the temperature was maintained at 7 ± 1 °C. The solution was
gas purged with appropriate gas for 15 min before exposure of the ultrasonic irradiation.
The amplitude and frequency were set at 700 W and 640 kHz, respectively. Samples of 20
mL of treated solution were withdrawn at specific time intervals for analyses.
6.3.3

UHPLC-Orbitrap-HRMS analysis of PFAS
The concentration of PFASs was monitored by the ultra-high-performance liquid

chromatography Orbitrap high-resolution mass spectrometry (UHPLC-Orbitrap-HRMS)
(Q Exactive, Thermo Fisher Scientific). Chromatographic separation was carried out in a
Hypersil Gold PFP column (100 mm x 2.1 mm, 1.9 µm, Thermo Scientific, USA) with a
mobile phase of methanol (A) and 2 mM ammonium acetate (B). The linear gradient was
as follows: 40 % A for 0-1 min, 40-90 % A for 1-4 min, 90 % A for 4-8 min, and 90-40 %
A for 8-9 min and 40 % A for 9-12 min. Heated electrospray ionization (HESI) was used
for ionization. Data acquisition and analyses were carried out by Xcalibur software. The
transformation products were detected in full scan negative ionization mode with a
resolution of 140,000, a scan range of 100-550 mass/charge ratio, and mass tolerance of 5
ppm. The concentration of PFAS was determined using the characteristic retention time,
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reference standard, and careful calibration of the MS detector. A calibration curve of each
PFAS was made by a series of standard PFAS solutions ranging from 50 – 2000 µg/L using
PFOA as an internal standard. The calibration curves are shown in Figure 74 – 77. As
ultrasonic irradiation can involve a variety of pyrolytic and radical-induced processes,
degradation of PFAS can produce a complex reaction mixture. Therefore, we have used
the small molecule structure identification software, Compound Discoverer 3.0 (Thermo
Scientific, USA), to assist with the identification of intermediates and degradation products
evolved over the course of degradation.
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Figure 74. LC-MS calibration curve for the determination of GenX in aqueous solution.
PFOA was used as an internal standard and *PA stands for peak area.
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Figure 75. LC-MS calibration curve for the determination of PFBA concentration in
aqueous solution. PFOA was used as an internal standard.
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Figure 76. LC-MS calibration curve for the quantification of PFPA concentration in
aqueous solution. PFOA was used as an internal standard.
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Figure 77. LC-MS Calibration curve for the quantification of PFHpA in aqueous solution.
PFOA was used as an internal standard.

6.3.4

Fluoride ion-selective electrode analysis
The fluoride ions released from the PFAS compounds were determined

potentiometrically using a Thermo Scientific Orion fluoride ion-selective electrode
connected to a Mettler Toledo ISE meter through a BNC connection. A total ionic strengthadjusting buffer (TISAB) made from glacial acetic acid and sodium chloride was added to
provide a constant background of ionic strength. A potentiometric calibration curve was
made using a range of fluoride ion concentrations from 1.3-263 μM (25 ppb to 5000 ppb)
using the Nernst equation, E = E0 + 2.03SlogC, where E and E0 refer to experimental and
standard electrode cell potential, S represents electrode slope, a constant value specific to
cell arrangement, and C indicates the fluoride ion concentration. The correlation coefficient
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of the calibration curve was 0.99, and data were reproducible within around 2 % standard
deviation, shown in Figure 78.
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Figure 78. Potentiometric calibration curve for the determination fluoride ion PFAS
aqueous solutions treated with ultrasonic irradiation.

6.3.5

Ion chromatographic analysis of mineralization fluoride ions
Ion chromatography (IC) was also used to monitor fluoride (F-) and other smaller

molecular ions as a mineralized product of PFAS. A 761 Compact IC Metrohm equipped
with a Metrosep A Supp 5 column and conductivity detector was employed using the
manufacturer’s protocol. A mixture of 3.2 mM sodium carbonate and 1.0 mM sodium
hydrogen carbonate aqueous solution was used as a buffer with a flow rate of 0.7 mL/min.
The column was regenerated using a 0.125 M solution of sulfuric acid with a flow rate of
2.0 mL/min. The detector response was calibrated, and a standardization curve developed
using carefully prepared fluoride from 0.03 to 1.0 mM standard solutions yielding
correlation coefficients ≥ 0.99 (Figure 79).
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Figure 79. Ion chromatographic calibration curve for the determination of fluoride ions in
ultrasonically treated PFAS solutions.

6.4
6.4.1

Results and discussion
Ultrasound induced Degradation of PFAS
In a typical experiment, the PFAS contaminated aqueous solution was irradiated at

640 kHz, and the concentration of PFAS monitored as a function of treatment time. The
reaction solution was purged with argon, and a temperature of 7 ± 1 °C was maintained
throughout the treatment process. Control experiments establish no loss of target PFAS due
to evaporation or adsorption to glassware and reaction vessels. Under ultrasonic treatment,
specific emerging PFASs, PFBA, PFPA, PFHpA, GenX are effectively degraded, as
illustrated in Figure 80. Results showed that more than 50 % of low molecular weight
PFASs and GenX are eliminated within nearly one hour of treatment time. While all
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compounds exhibit similar degradation rates, a marked decrease in the degradation rate
was observed at extended treatment times. Such trends are common for bimolecular rate
processes as the concentration of reactant, PFAS, in this case, decreases the overall
observed degradation rate decreases proportionately. In the case of hydroxyl mediated
conversions, the rate will decrease markedly during treatment due to a decreasing
concentration of target compound as well as competition for hydroxyl radical by the
increasing concentration of reaction by-products. Complete degradation of GenX was
observed at an extended degradation of 3 hours.
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Figure 80. Ultrasonic treatment of emerging PFASs at 640 kHz in argon saturated aqueous
solution. [PFAS]0 = 2000 ppb and the reproducibility was within ± 10% on the basis of the
representative triplicate run on GenX.
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6.4.2

Degradation kinetics of GenX
To probe the degradation process, the initial concentration of Gen X was varied

from 3 to 60 µM, and the degradation was studied as a function of treatment time. GenX is
selected because it has been used as a new generation replacement of PFOA and detected
extensively in drinking water sources [27]. The degradation of GenX at different initial
concentrations is illustrated in Figure 81. The observed degradation decreases significantly
with increasing initial concentration. The initial degradation rates were calculated from the
disappearance of the GenX at each initial concentration. Care was taken not to include
extended conversion to minimize the potential competitive effects of by-products to the
degradation processes. The initial rate of degradation of GenX as a function of initial
concentration are summarized in Table 16.
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Figure 81. Degradation kinetics of GenX ([GenX]0 = 3-60 µM) upon ultrasonic irradiation
at 640 kHz in Ar-saturated aqueous solution.

156

Table 16. Initial degradation rates of GenX as a function of GenX concentration in argonsaturated solution
Initial rate

R2 value for

(µM min-1)

initial rate

3.0

0.08

0.95

6.1

0.11*

0.99

15.2

0.14

0.97

30.3

0.21

0.98

60.6

0.31

0.98

[GenX], (µM)

*data were reproducible around 90% on the basis of representative triplicate runs
The observed rate of degradation decreases with an increase in the initial concentration.
Although ultrasonic mediated degradation processes are considered a complex
heterogeneous process, numerous examples have shown the ultrasonic mediated
degradation of a variety of organic compounds follows pseudo-first-order kinetics at a
given initial concentration. Pseudo-first-order kinetics is represented by the equation
[lnCt/C0 = -kt] where Ct and C0 are the concentrations of GenX at time t and the start of the
reaction, and k refers to the rate constants. A linear relationship between ln(Ct/C0) and time
(t) is consistent with this kinetic model. Plots of pseudo-first-order kinetics for the sonolytic
degradation of GenX are presented in Figure 82. The rate constants (k) were calculated
from the slope of the linear pseudo-first-order equation, and the results are summarized in
the inset of Figure 82.
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Figure 82. Pseudo-first-order kinetics plots of ultrasonic degradation of GenX over a range
of initial concentration of 3-60 µM at 640 kHz in Ar-saturated aqueous solution. Data were
reproducible within ± 10 %.

While the results for a given concentration of GenX are consistent with pseudo-first-order
kinetics, the change in the rate constant as a function of initial concentration suggests that
the reaction kinetics are more complex than a simple pseudo-first-order reaction. The
observed rate constant decreased by approximately 6-fold as the initial concentration of
GenX increased by about 20-fold. For a true pseudo-first-order reaction, the rate constant
is independent with initial concentration. However, variation in the reaction rate constant
as a function of initial concentration has been previously reported for heterogeneous
processes [173,174]. This anomaly has been rationalized to mass transfer limitations and
saturation effects for the heterogeneous process occurring at the gas-liquid interface.
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6.4.3

Heterogeneous kinetic modeling for ultrasound-assisted degradation of GenX
Ultrasonic cavitation is a complex process involving gas, gas-liquid interface, and

bulk liquid regions, as shown in Figure 83. Ultrasonic mediated degradation of organic
compounds in aqueous media is often correlated to hydroxyl radical-mediated processes.
However, degradation mechanisms involving direct pyrolysis of target compounds can also
play a key role in the degradation. The extent and mechanism of the degradation pathways
are dependent on the partitioning of the target compounds at the gas, gas-liquid interface,
and liquid bulk regions during cavitation. GenX is acidic and exists as the negatively
charged carboxylate ion under solution pH above pH ~ 3 (pKa of GenX 2.8). In the ionic
state, the vapor pressure is low, and thus, it is less likely that GenX will partition into the
gas phase of the hot spot region. The GenX carboxylate anion functional group is polar and
most effectively solvated in the bulk solution, while the aliphatic fluorinated chain
possesses hydrophobic character. The gas-liquid interface at the cavitation site possesses
high temperatures (>2000 K) and high pressures (>300 atm) well above the supercritical
points (680 K and 218 atm) of water. Therefore, water exists as a supercritical state which
exhibits hydrophobic rather than the normal hydrophilic properties associated with water
under ambient conditions. Ultrasonic mediated degradation can be broken into the hot spot
region where volatile compounds can partition and undergo high-temperature pyrolysis, at
the gas-liquid interfacial area where pyrolysis and hydroxyl radical-mediated
transformation of hydrophobic type compounds can occur, and in the bulk solution where
hydroxyl radical can diffuse to polar compounds. In the case of legacy and emerging PFAS
studied here, the compounds are ionic (non-volatile) possess both hydrophobic and
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hydrophilic character, which can lead to partitioning between the liquid-gas and liquid bulk
regions. To probe the partitioning and its effect on the degradation, Langmuir-Hinshelwood
(L-H) heterogeneous kinetic model was employed to the degradation process [204]. For
the modeling of the cavitation site, the liquid-gas interface is considered the reaction
surface where GenX can partition between the interface and bulk solution. The L-H model
assumes (1) all sites on the surface (interface) are equivalent (2) each molecule occupies
one site and forms a monolayer (uniform partitioning) (3) the adjacent molecules have no
interactions (4) the adsorption and desorption process is in equilibrium.

Liquid bulk solution
GenX

Hot spot

Gas-Liquid Interface

Cavitation site

Figure 83. Partitioning of GenX molecules in the hot spot, gas-liquid interface, and bulk
liquid phase.

The L-H model is represented in Equation 22, where r0 is the initial degradation rate of
target materials, C0 is the initial concentration of substrate, kr is the reactivity constant, and
KLH is the apparent equilibrium constant. The L-H experiment was conducted over a range
of initial concentrations of 3 – 60.6 µM at uniform reaction conditions. R2 value (≥ 0.94),
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calculated in Figure 84, and suggested that the ultrasonic degradation kinetics of GenX is
in good agreement with the L-H mechanism.
1⁄ = 1⁄
1
r0
k r 𝐾𝐿𝐻 C0 + ⁄k r

Langmuir-Hinshelwood equation:

(22)
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Figure 84. Langmuir-Hinshelwood kinetic plot of the ultrasound-assisted degradation of
GenX over a range of initial concentration.

The L-H kinetic parameters determined from the slope and intercept of the L-H plot are
KLH = 0.14 µM-1 and kr = 0.26 µM min-1. Vecitis et al. reported the ultrasonic degradation
of PFOA and PFOS over a range of initial concentrations of 20 nM to 200 µM. Their results
suggested that at a low initial concentration (˂ 20 µM) PFOA degraded with pseudo-firstorder kinetics and changed to zero-order when concentration is ˃ 40 µM due to the
saturation of bubble interface sites [205].
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6.4.4

Hydroxyl radical competition study
To assess the roles and partitioning of hydroxyl radicals in the degradation process,

a series of competition experiments were conducted through the addition of specific
hydroxyl radical scavengers. Hydroxyl radicals can be formed and/or partition among the
hot-spot, gas-liquid interface, and bulk liquid regions. For this paper, the hydroxyl radicals
residing in the different regions are defined as follows; in the hot spot region (•OHG), within
the gas-liquid interface region (•OHG-L), and in the bulk liquid area (•OHL). Determination
of individual contribution of •OH is crucial for assessing the degradation processes and
pathways. Selective quenching of hydroxyl radicals from each region will help understand
its role in the degradation and reveal the role of pyrolysis in the degradation process under
conditions of complete •OH quenching. To quench the •OHL, terephthalic acid (TA), which
exists in the ionized form (as non-volatile dianion), will have a strong preference to reside
in the bulk solution and not at hydrophobic G-L interface or in the hot-spot. Thus, the
addition of TA during treatment will quench the •OHL reaction pathways. The hydroxyl
radical quencher, coumarin (COU), a neutral organic compound, will reside predominantly
within the gas-liquid interface and quench •OHG-L. t-Butanol partition to all the regions and
can scavenge the hydroxyl radical in the gas, interface, and bulk solution (•OHG, •OHG-L,
and •OHL). The rate constant of ultrasonic induced degradation of GenX in the presence of
the individual hydroxyl radical scavengers is summarized in Table 17. In the absence of
hydroxyl radical scavengers, the rate constant for ultrasonically induced degradation of
GenX is 0.025 min-1. The degradation of GenX in the presence of excess •OH scavengers
is unchanged.

The result provides convincing evidence that hydroxyl radical plays an
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insignificant role in the ultrasonically induced degradation of PFASs and that direct
pyrolysis is the predominant degradation mechanism.

Table 17. Pseudo-first-order rate constant (k) of the sonolytic degradation of GenX in the
presence of hydroxyl radical scavengers
Scavenger

Scavenged

[Scavenger],

[GenX],

k

name

•OH

μM x 102

μM

(min-1)

No scavenger

-

0

6.1

0.025

Terephthalic acid

•OHL

2.0

6.7

0.024

Coumarin

•OHG, and •OHG-L

2.0

5.9

0.025

t-Butanol

•OHG, •OHG-L, and •OHL

2.0

5.6

0.023

Therefore, the rate constant 0.025 min-1 observed for the degradation of GenX in the
presence of coumarin indicates hydroxyl radical portioned in the interface was unlikely to
participate in the degradation process. Terephthalic acid is an ionic compound and more
likely to scavenge the hydroxyl radical partitioned in bulk solution. Since the GenX
degraded in ultrasound in presence of terephthalic acid with a rate constant 0.024 min-1, it
could be concluded that hydroxyl radical partitioned in bulk solution has a small role in the
degradation of GenX. From the competitional studies, it is found that reactive species are
less likely to participate in the degradation process. So, direct pyrolysis is likely the primary
process for the degradation of GenX.
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6.4.5

Mineralization of PFASs to fluorides
In general, oxidative, reductive, and photochemical treatment processes include the

formation of potentially toxic reaction by-product mixtures. Although mineralization is
ideal for the remediation of toxic compounds, it is rarely practical. Recent reports have
shown the reductive conversion of PFAS to fluoride ion, a highly attractive process
[199,200]. Our results indicate the ultrasonically mediated degradation of PFAS is
primarily the result of pyrolysis, leading to the formation of fluoride ion. PFAS employed
in our study were subjected to ultrasonic treatment, and the production of fluoride ion
monitored as a function of treatment time, as illustrated in Figure 85. The percentile
conversion of PFAS to fluoride ion was calculated using Equation 23 and summarized in
Table 18.
% recovery of F- = [Mineralization to F-]*100/[Theoretical yield of F-]

(23)

The recovery of fluoride ion ranges from 15 to 80 % under extended ultrasonic treatment.
The rate of fluoride production is fastest initially and decreases with treatment time.
Among the PFASs with carboxylate functionality, the higher molecular weight PFASs are
more readily degraded than the lower molecular weight PFASs. The emerging GenX is
more likely to degrade over the legacy PFOA. The highest percentile recovery of fluoride
ion is observed for perfluoroheptanoic acid PFHpA, and the slowest is for trifluoroacetic
acid. The higher rates of degradation observed for higher molecular and more hydrophobic
PFASs may be due to the greater partition of the alkyl chain at the hydrophobic gas-liquid
interface. TFA is ionic, shorter alkyl chain, and its charge density are much higher than its
corresponding homolog, and thus, it is more likely to partition in bulk solution than the

164

interface. Consequently, only 15 % of degradation was observed for three hours of
treatment time.
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Figure 85. Evolution of fluoride ions upon ultrasonic treatment of a variety of emerging
PFASs ([PFAS]0 = 2000 ppb) at 640 kHz in Ar-saturated aqueous solution.

The production of fluoride ions and degradation of GenX were simultaneously measured
to assess the presence of intermediates and the extent of defluorination (Figure 86). Upon
extended treatment time, 80 % of GenX is converted to fluoride ion. The remaining 20 %
of fluorine atoms are likely associated with low molecular weight/volatile products,
following previous reports of the ultrasonic conversion of PFOA to fluoride ions [78].
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Table 18. Defluorination of select PFASs upon ultrasonic treatment
PFAS
name

[PFAS]
(µM)

PFAS structure

Defluorination
yield [F-] (µM)

% [F]
recovery

TFA

8.8

26

15

PFBA

9.3

65

50

PFPA

7.6

68

76

PFHpA

5.5

71

78

PFOA

4.8

73

58

PFMeoBA

7.1

64

72

GenX

6.1

68

70
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Figure 86. Ultrasonic degradation of GenX ([GenX]0 = 6.1 µM) and evolution of fluoride
at 640 kHz in Ar-saturated aqueous solution.
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To identify the role of hydroxyl radical and pyrolysis on the generation of fluoride ions,
the formation rate of fluoride ions was monitored in the presence of scavengers, including
terephthalic acid, coumarin, and t-butanol. The bar diagram illustrated in Figure 87 shows
the effect of scavengers on the production of fluoride ions.
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Figure 87. Evolution of fluoride ions in sonolytic degradation of GenX in the presence of
•OH scavengers.

Recovery of fluoride ions in the presence of TA, COU, and TBA was nearly constant
around 75 % at extended treatment time, meaning that hydroxyl radical-mediated oxidation
does not play a significant role on fluoride production and pyrolysis is the main contributor
to sonolytic degradation of GenX and the output of fluorides ions.
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6.4.6

Intermediate products during the ultrasonic degradation of GenX
The fluoride mass balance for GenX illustrated in Figure 86 demonstrates the

incomplete conversion of PFAS to fluoride ions. This observation implies the production
of other fluorine-containing intermediates (volatile/nonvolatile) during the sonolytic
treatment. Ultrasonic treatment is a complex process involving reactive species and
pyrolytic reaction pathways. Due to the variety and a number of possible degradation
pathways, complex product mixtures are often produced during ultrasonic treatment.
Although our •OH scavenging experiments described earlier indicate pyrolysis is the
predominated pathways for ultrasonic degradation of PFASs, the pyrolysis induced
degradation will involve a number of competing for degradation pathways. The likely
products are shorter chain compounds with carboxylates functionality in ionized forms
under our conditions. With this in mind, initial ion chromatographic product studies were
conducted and exhibited several well-resolved peaks indicative of degradation
products/ions. Fluoride and formate ions were assigned in ion chromatography by
comparing their retention time with standard fluoride and formate ions. The time profile
ion chromatographic estimation of fluoride and formate ions is given in Figure 88.
Moriwaki et al. reported sequential dissociation of COO- group leading to a number of
shorter chain PFCAs, including C2-C7 perfluorocarboxylate such as CF3COO-, C2F5COO-,
C3F7COO-, C4F9COO-, C5F11COO-, and C6F13COO-, during the ultrasonic treatment of
PFOA and PFOS [79]. However, Vecitis et al. did not report shorter chain
perfluorocarboxylates during ultrasonic treatment of PFOA and PFOS; instead, they
reported a wide variety of volatile intermediates including 1H-fluoroalkane or perfluoro-
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olefins yielding C1 fluororadicals en route to mineralization to CO, CO2 and fluoride ions
[202]. A recent study reported by Bao et al. showed UV/sulfite treatment of GenX also
yielded shorter perfluorocarboxylates such as TFA and PFA by reductive defluorination
[200].
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Figure 88. Ion chromatographic analysis of small molecular ions during the ultrasonic
treatment of GenX ([GenX]0 = 60.6 µM) at 640 kHz in Ar-saturated aqueous solution.

For a detailed identification of degradation products in ultrasonically treated GenX
solution, LC-Orbitrap-HRMS was used with negative electrospray ionization mode.
Screening of unknown products was carried out by Compound Discoverer software. LCMS raw data represents the exact mass of the deprotonated values, m/z = M-1 values;
therefore, for this manuscript, we will refer the exact mass instead of molecular weight.
The time profile of the UHPLC-Orbitrap-HRMS chromatogram of treated GenX solution
is given in Figure 89. Among the observed products are two resolved peaks with an
identified molecular weight of 325.9837 at retention time 1.87 min and molecular weight
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of 311.9844 at 4.82 retention time. Products with MW of 311.9844 corresponds to 2H-2perfluoropropoxypropanoic acid, and MW of 325.9837 indicated 2,3-dihydroxyperfluoropropanoic acid. No shorter chain perfluorocarboxylates, including TFA, was not
identified in our study. The time profile evolution of two intermediates, given in Figure
90, implies that intermediate with molecular weight 311.9844 reaches its maximum
concentration at one hour of treatment time.
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Figure 89. UHPLC-Orbitrap-HRMS chromatogram of the identified ultrasonic
degradation products of GenX ([GenX]0 = 60.6 µM) over treatment time.
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Figure 90. Time profile relative abundance of intermediate products during ultrasonic
treatment of GenX ([GenX]0 = 60.6 µM) at 640 kHz in Ar-saturated aqueous solution.

6.4.7

The mechanistic study on the degradation of GenX
A sequential dissociation of COO- from PFOA molecule was proposed by

Moriwaki et al. on the basis of the detection of shorter-chain perfluoroalkyl acids during
ultrasonic treatment [79]. However, their study did not detect any shorter chain
perfluoroalkyl carboxylic acid at the experimental conditions. The direct pyrolytic reaction
occurs in the high-temperature gas phase (hot spot) and G-L interface [59]. Because of the
ionic nature of GenX at experimental condition, the direct partition of GenX into the hot
spot is unlikely, even though these compounds may reside primarily in the G-L interface
because of their hydrophobic tail and a hydrophilic head. Vecitis et al. proposed the
degradation of PFOA and PFOS is initiated by the interfacial pyrolytic reaction followed
by immediate mineralization involving both gas phase and bulk solution [202]. The initial
pyrolytic degradation occurred at the G-L interface forms a variety of fluorochemical
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intermediates through a homolytic cleavage of polar head group and alkyl moiety. The
neutral fluorochemical intermediates rapidly partition to the high-temperature gas-phase
leading to the fluoro-radicals that eventually converted to CO, CO2, and fluoride ions upon
hydrolysis in water. The hydroxyl radical scavenger competitional study provides some
insights into the mechanism of GenX degradation. Of particular interest is the almost no
hydroxyl radical scavenger has any significant impact on the degradation of GenX,
indicative of pyrolytic reaction could be at the interface and vapor phase. The experiments
over a wide range of concentrations of GenX show pyrolytic reaction is G-L interfacial
phenomenon. Computational studies performed to understand the initiation of pyrolytic
cleavage indicates that e (C-F) bond in GenX, shown in Figure 91, is the least energy C-F
bond. Therefore, the most likely homolytic cleavage of C-F occurs at e (C-F) bond during
β pyrolysis.

Figure 91. Molecular structure of GenX

Given the high-temperature condition available together with the addition of
hydrogen atoms, a reductive defluorination mechanism will be a likely pathway to yield
2H-2-perfluoropropoxypropanoic acid, shown in Figure 92. In the reductive defluorination
mechanism, reactive hydrogen atom attacks the carbon-centered free radical and leads to
the formation of 2H-2-perfluoropropoxypropanoic acid. A likely secondary transformation
called oxidative defluorination might proceed by the addition of hydroxyl radical to 2H-2-
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perfluoropropoxypropanoic acid that ultimately leads to the hydroxylated product 2,3dihydroxy-perfluoropropanoic acid, shown in Figure 93.

MW 311. 9844

Figure 92. Reductive defluorination mechanism of GenX.

MW=325.9837
Figure 93. A secondary transformation via oxidative defluorination of GenX products.

The rapid mineralization of GenX can be explained by the initial interfacial
pyrolysis reaction [202]. Pyrolysis occurred at the interface may lead to the formation of a
number of neutral molecules along with production fluoro-radicals, shown in Figure 94.
These neutral intermediates may rapidly partition again to the hot spot and interface and
lead directly to mineralization into fluoride in the presence of water, shown in Figure95.
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Figure 94. β-pyrolysis mechanism of GenX.

Figure 95. Hydrolysis of acetyl chloride to the formation of fluoride ions.
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6.5

Conclusions
We have shown that PFAS compounds are readily degraded upon ultrasound

irradiation at an Ar-saturated aqueous solution. On the basis of defluorination experiments,
nearly 75 % mineralization to fluoride was observed for GenX, PFMeoBA, PFPA, and
PFHpA, while PFBA and TFA mineralized to fluoride only to 50 and 15 %. The detailed
kinetic studies of GenX revealed that the degradation follows pseudo-first-order kinetics
with varying rate constant depending on the initial concentration. The rate constant for the
degradation decreases with increasing initial GenX concentration indicating the process
may be controlled by the interface between gas-liquid. Hydroxyl radical scavengers
showed no significant effect on the rate of PFAS GenX degradation, indicating the likely
degradation proceeds through pyrolysis and not oxidation. The hydroxylated adducts of
GenX are the primary degradation products identified by LC-HRMS. Ultrasound is a
promising technique to mineralize a number of emerging perfluoroalkyl substances. Our
findings will provide an insight for designing future water treatment design for the
remediation of organic pollutants.
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GENERAL CONCLUSIONS
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Organophosphorus esters (OPEs), used as flame-retardants in furniture, plastics,
automobiles, electronic equipment, and cable, have caused widespread contamination of
drinking water sources. These compounds are often highly toxic, potential carcinogens,
and can exhibit acute to chronic neurological disorders. Perfluorinated alkyl substances
(PFASs) are another class of problematic water pollutant. These anthropogenic chemicals
are incredibly persistent, highly toxic, and difficult to remove from water, too. Therefore,
the detection of both kind of persistent organic pollutants in drinking water sources pose a
serious threat to the environment and human health. Since current water purification
methods do not effectively remove these pollutants, identification of a safe, sustainable and
effective treatment process, therefore, is very critical for the safe drinking water providers.
The focus of this dissertation is to explore fundamental understandings on advanced
oxidation processes (AOPs), specifically TiO2 photocatalysis and sonolysis to degrade a
number of targeted highly toxic organophosphate esters (OPEs) and forever chemicals
perfluoroalkyl substances (PFASs) in water. We demonstrated that TiO2 photocatalysis can
mineralize tris (2-chloroethyl) phosphate (TCEP), a model OPE, into innocuous materials.
One of the major drawbacks of TiO2 photocatalysis is the costly UV radiation required for
TiO2 activation. We synthesized visible light-activated (VLA) TiO2 photocatalyst and
showed that visible and solar light activation can yield hydroxyl radicals, keys to the
remediation of organic toxins. VLA photocatalysts have a major economic advantage for
industrial applications. Naled is a highly toxic OPE pesticide that was extensively sprayed
aerially for controlling mosquitos harboring the Zika virus without assessing their
environmental fate. We first demonstrated that by-products of Naled persist in the water
longer than initially reported, and then we showed their enhanced degradation by ultrasonic
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irradiation. Finally, we, for the first time, demonstrated the effective mineralization of
emerging PFASs. Their devastating health effects has led to a number of massive case
action lawsuits. We revealed the thermal processes associated with sonolysis can
completely degrade these compounds. Our findings, hopefully, will provide an insight into
designing future water treatment processes for the remediation of organic pollutants.
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